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ADVERTISEMENT 


TO 


THE     ELEVENTH      EDITION. 


-*<>♦- 


In  the  present  edition  the  fresh  matter  had  increased,  by  about  thirty- 
two  pages,  the  size  of  the  book  as  it  stood  in  the  last  edition.  The  new 
matter  includes  also  thirty  additional  illustrations.  The  chapter  on  the 
Steam  Engine  has  been  entirely  recast.  For  this  I  am  indebted  to  the 
valued  help  of  Professor  Kennedy,  of  University  College. 

The  continued  and  still  increasing  favour  with  which  the  work  has 

been  received,  both  as  a  Text  Book  for  Colleges  and  Schools,  and  also 

as  a  work  of  reference  for  the  general  reader,  renders  any  apology  for 

omissions  perhaps  unnecessary  ;  it  may,  however,  be  as  well  once  more 

to  point  out  that  the  book  is  intended  to   be   a   general    Elementary 

Treatise  on  Physics,  and  that,  while  it  accordingly  aims  at  giving  an 

account  of  the  most  important  facts  and  general  laws  of  all  branches 

of  Physics,  an  atteiipt  to  treat  completely  and  exhaustively  of  any  one 

branch  would  both  be  inconsistent  with  the  general  jilan  of  the  book 

and  impossible  within  the  available  space. 
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EXTRACT  FROM  ADVERTISEMENT  TO   THE 

SEVENTH  EDITION 

I  HAVE  ADDED  an  Appendix  containing  a  series  of  numerical  problems 
and  examples  in  Physics.  This  Appendix  is  based  upon  a  similar 
one  contained  in  the  French  edition  of  the  work.  But  I  have  been 
able  to  use  only  a  small  proportion  of  the  problems  contained  in  that 
Appendix,  as  the  interest  of  the  solution  was  in  most  cases  geome- 
trical or  algebraical.  Hence  I  have  substituted  or  added  others,  which 
have  been  so  selected  as  to  involve  in  the  solution  a  knowledge  of  some 
definite  physical  principle. 

Such  an  Appendix  has  from  time  to  time  been  urged  upon  me  by 
teachers  and  others  who  use  the  work.  It  will,  I  conceive,  be  most 
useful  to  those  students  who  have  not  the  advantage  of  regular  instruc- 
tion ;  affording  to  them  a  means  of  personally  testing  their  knowledge. 
Such  a  student  should  not  aim  solely  at  getting  a  result  which  numeri- 
cally agrees  with  the  answer.  He  should  habituate  himself  to  write  out 
at  length  the  several  steps  by  which  the  result  is  obtained,  so  that  he 
may  bring  clearly  before  himself  the  physical  principles  involved  in  each 
stage.  Some  of  the  solutions  of  the  problems  are  therefore  worked  out 
at  length. 
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TRANSLATORS  PREFACE  TO  FIRST  EDITION. 

The  £limenis  de  Physique  of  Professor  Ganot,  of  which  the  present 
work  is  a  translation,  has  acquired  a  high  reputation  as  an  Introduction 
to  Physical  Science.  In  France  it  has  passed  through  Nine  large 
editions  in  little  more  than  as  many  years,  and  it  has  been  translated 
into  German  and  Spanish. 

This  reputation  it  doubtless  owes  to  the  clearness  and  conciseness 
with  which  the  principal  physical  laws  and  phenomena  are  explained, 
to  its  methodical  arrangement,  and  to  the  excellence  of  its  illustrations. 
In  undertaking  a  translation,  I  was  influenced  by  the  favourable  opinion 
which  a  previous  use  of  it  in  teaching  had  enabled  me  to  form. 

I  found  that  its  principal  defect  consisted  in  its  too  close  adaptation 
to  the  French  systems  of  instruction ;  and  accordingly,  my  chief  labour, 
beyond  that  of  mere  translation,  has  been  expended  in  making  such 
alterations  and  additions  as  might  render  it  more  useful  to  the  English 
student. 

I  have  retained  throughout  the  use  of  the  Centigrade  thermometer, 
and  in  some  cases  have  expressed  the  smaller  linear  measures  on  the 
metrical  system.  These  systems  are  now  everywhere  gaining  ground, 
and  an  apology  is  scarcely  needed  for  an  innovation  which  may  help  to 
familiarise  the  English  student  with  their  use  in  the  perusal  of  the  larger 
and  more  complete  works  on  Physical  Science  to  which  this  work  may 
serve  as  an  introduction. 


E.   ATKINSON. 


KovAL  Military  Collece,  Sandhurst, 

1863. 
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The  area  of  the  figure  within  the  heavy  lines  is 
that  of  a  square  decimetre.  A  cube,  one  of  whose 
sides  is  this  area,  is  a  cubic  decimetre  or  ///r^.  A 
litre  of  water  at  the  temperature  of  4®  C.  weighs  a 
kilogramme,  A  litre  of  air  at  0°  C.  and  760™™ 
pressure  weighs  1*293  gramme. 

A  litre  is  i"j6pint ',  a  pint  is  0*568  of  a  litre. 

The  smaller  figures  in  dotted  lines  represent  the 
areas  of  a  square  centimetre  and  of  a  square  inch. 

A  cubic  centimetre  of  water  at  4®  C.  weighs  a 
gramme. 
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Metre 39 '37079  3*280899 

Kilometre 39370*70000  3280*899167 

A  Hectare  or  10,000  square  metres  is  equal  to  2*471 14  acres,  each  of  which  is  43,560 
square  feet.  A  kilometre  is  0*6214  of  a  statute  mile.  A  statute  mile  is  1*609  kilometres. 
A  knot  (in  telegraphy)  is  2,029  yards  or  1*1528  statute  mile. 

Measures  of  Capacity, 

Cubic  Feet 
Cubic  Inches  x>728  c.  in.sx  c.  ft. 

Cubic  centimetre  or  millimetre     .  0*06103  0*000035 

Litre  or  cubic  decimetre  .        .     .        61*02705  0*035317 

Kilolitre  or  cubic  metre         .        .61,027*05152  35'3i658i 

Measures  of  Weight 

Avoirdupois  pounds 
English  grains  of  7,000  grains 

Milligramme 0*01543  0*0000022 

Gramme       .        .  .        .        15*43235  0*0022046 

Kilogramme 15,432*34880  2*2046213 

z  grain  =  0*064799  gramme  ;  i  pound  avoirclupois  is  0*453593  kilogramme. 
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ELEMENTARY     TREATISE 

ON 

PHYSICS. 


BOOK   I. 

ON   MATTER,   FORCE,  AND   MOTION. 


CHAPTER   I. 

GENERAL  PRINCIPLES. 

1.  Object  of  VliysicMi. — The  object  of  Physics  is  the  study  of  the  phe- 
nomena presented  to  us  by  bodies.  It  should,  however,  be  added,  that 
changes  in  the  nature  of  the  body  itself,  such  as  the  decomposition  of  one 
body  into  others,  are  phenomena  whose  study  forms  the  more  immediate 
object  of  chemistry, 

2.  BKatter. — That  which  possesses  the  properties  whose  existence  is 
revealed  to  us  by  our  senses,  we  call  mcUter  or  substance, 

AH  substances  at  present  known  to  us  may  be  considered  as  chemical 
combinations  of  sixty-seven  elementary  or  simple  substances.  This  numben 
however,  may  hereafter  be  diminished  or  increased  by  the  discovery  of  some 
more  powerful  means  of  chemical  analysis  than  we  at  present  possess. 

3.  A.toins.  molecules. — From  various  properties  of  bodies,  we  conclude 
that  the  matter  of  which  they  are  formed  is  not  perfectly  continuous,  but 
consists  of  an  aggregate  of  an  immense  number  of  exceedingly  small  por- 
tions or  atoms  of  matter.  These  atoms  cannot  be  divided  physically  ;  they 
are  retained  side  by  side,  without  touching  each  other,  being  separated  by 
distances  which  are  great  in  comparison  with  their  supposed  dimensions. 

A  group  of  two  or  more  atoms  forms  a  molecule^  so  that  a  body  may  be 
considered  as  an  aggregate  of  very  small  molecules,  and  these  again  as 
«i;:j:reL'ates  of  still  smaller  atoms.  The  smallest  masses  of  matter  we  ever 
obtain  artificially  are  particles^  and  not  molecules  or  atoms.  Molecules 
retain  their  position  in  virtue  of  the  action  of  certain  forces  called  molecular 
forces. 

From  considerations  based  upon  various  physical  phenomena  Sir  W. 
Thomson  has  calculated  that  in  ordinary  solids  and  liquids  the  average 
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distance  between  contiguous  molecules  is  less  than  the  one  hundred-mtllicmth 
but  greater  than  the  one  two  thousand-millionth  of  a  centimetre. 

To  form  an  idea  of  the  degree  <^  the  size  of  the  moiecufes  Sir  W. 
ThooBson  giv'es  this  illustration  : — '  Imagine  a  drop  of  rain,  or  a  glass  sphere 
the  size  of  a  pea«  magnined  to  the  size  of  the  eurth«  the  molecules  in  it  being: 
increased  in  the  same  proportion.  The  structure  of  the  mass  would  then  be 
coturser  than  that  oi  a  heap  ol  tine  shoe  but  probably  not  so  coarse  as  that 
of  a  heap  of  cricket -balls** 

The  number  of  molecules  of  gas  in  a  cubic  centimetre  of  air  is  calculated 
at  twent>--one  trillions. 

By  dissolving  in  alcohol  a  known  weight  of  fuchsine,  and  ddotin^  the 
liquid*  it  was  observed  that  a  solution  containing  not  more  than  otxxxxxxsz 
of  a  gramme  in  one  cubic  centimetre  had  still  a  distinct  colour :  that  is«  that 
a  weight  of  not  more  than  the  y^ -millionth  of  a  gramme  can  be  perceiYed 
by  the  naked  e>-e.  As  the  molecular  weight  of  this  substance  is  337  times 
that  of  hydrogen  it  follows  that  the  weight  of  an  atom  of  hydrogen  cannot  be 
greater  than  the  one  icooo-millionth  of  a  gramme. 

Loschmidt  gives  the  diameter  of  the  molecules  of  hydrogen  at  <rooooc3co4 
t>f  a  centimetre  :  and  according  to  Mousson  and  Quindte  the  diameter  of 
the  !>phere  within  which  one  molecule  can  act  upon  an  adjacent  one  is 
between  the  ooocoo  and  oxxxoi$  of  a  millimetre*  and  is  therdbre  frxxn 
5  to  lo  times  less  than  the  wave-length  of  HghL 

4.  Wilnmlar  ataft*  sC  ^c^tM.— -With  respect  to  die  molecules  of  bodies 
three  ditlerent  stages  of  aggregation  present  diemselvesw 

First.  :k^  stMza  sXuitr.  as  observed  in  wood*  stone,  metals,  Ac*  at  the 
ordinary-  temperature.  The  distinctive  character  of  thb  state  is^  that  the 
reiati\*e  positions  of  the  molecules  of  the  bodies  is  dxed  and  cannot  be 
cbiuiged  withiHit  the  expenditure  of  more  or  less  force.  Solid  bodies  tend* 
therefore,  to  retain  whatever  ^jrm  may  have  been  given  to  them  by  nature  or 
by  art. 

>\  .vj*A*r,  ."Ae  ::\{tuii  sAm^.  as  observed  in  water*  alcohol*  oil*  Jtc.  Here 
the  relative  position  of  the  molecules  is  no  longer  nxed*  the  molecules  gdde 
poiit  each  other  with  the  greatest  easre*  and  the  body  assumes  with  readiness 
the  tt>mi  ot  anv  vessel  in  which  it  may  be  placed. 

."irntV.  :^lu  ,:u>\ims  ^«A\  as  in  air  and  in  hydrogen.  In  gases  die 
m*>bility  of  the  molecules  is  still  greater  than  in  liquids  :  but  the  distinctive 
ch.inicter  of  a  cas  is  its  incessant  struggle  to  occupy  a  greater  space,  in  con- 
set^uence  of  which  a  gas  has  neither  an  independent  hMrm  nor  an  infepeo- 
dent  volume,  ti^r  this  depends  upon  the  pressure  to  which  it  is  subject. 

The  ijenerai  verm  ittza  is  applied  to  both  liquids  and  gasesc 

Most  simple  bodies^,  and  many  compound  ones*  may  be  made  to  pass 
successively  thrvmgh  ail  the  diree  states.  Water  presents  the  most  cmuiiar 
eA;unple  V.U  this.  Sulphur,  iodine,  mercury,  phoephorus^  and  linc  are  other 
instances. 

5.  gnjMtiial  pnMMBMnn*  Inwa^  nnA  %n«««*Ba» — Every  change  which 
C.-U1  happen  to  a  body,  mere  alteration  of  its  chemical  cx^nstitution  being  ex- 
repteti.  may  be  regarded  as  a  pHvsiLcii  p^emmu^mm.  The  feiil  oi  a  stone*  the 
v'branon  Mt  a  string,  and  the  <ound  which  accompanies  it*  the  attnfection  of 
light  particles  by  a  rod  of  ^eaiing-wax  which  has  been  rubbed  by  danneU 
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the  rippling  of  the  surface  of  a  lake,  and  the  freezing  of  water,  are  examples 
of  such  phenomena. 

A  physical  law  is  the  constant  relation  which  exists  between  any  pheno- 
menon and  its  cause.  As  an  example,  we  have  the  phenomenon  of  the 
diminution  of  the  volume  of  a  gas  by  the  application  of  pressure  ;  the  cor- 
responding law  has  been  discovered,  and  is  expressed  by  saying  that  the 
volume  of  a  gas  is  inversely  proportional  to  the  pressure. 

In  order  to  explain  the  cause  of  whole  classes  of  phenomena,  suppositions, 
or  hypotheses^  are  made  use  of.  The  utility  and  probability  of  a  hypothesis 
or  theory  are  the  greater  the  simpler  it  is,  and  the  more  varied  and  numerous 
are  the  phenomena  which  are  explained  by  it ;  that  is  to  say,  are  brought 
into  regular  causal  connection  among  themselves  and  with  other  natural 
phenomena.  Thus  the  adoption  of  the  undulatory  theory  of  light  is  justified 
by  the  simple  and  unconstrained  explanation  it  gives  of  all  luminous  pheno- 
mena, and  by  the  connection  it  reveals  with  the  phenomena  of  heat. 

6.  Vlijviottl  Affents. — In  our  attempts  to  ascend  from  a  phenomenon  to 
its  cause,  we  assume  the  existence  oi  physical  agents^  or  natural  forces  acting 
upon  matter ;  as  examples  of  such  we  have  gravitation^  heat^  Hg^t^  magnet- 
ism^ and  electricity. 

Since  these  physical  agents  are  disclosed  to  us  only  by  their  effects,  their 
intimate  nature  is  completely  unknown.  In  the  present  state  of  science,  we 
cannot  say  whether  they  are  properties  inherent  in  matter,  or  whether  they 
result  from  movements  impressed  on  the  mass  of  subtile  and  imponderable 
forms  of  matter  diffused  through  the  universe.  The  latter  hypothesis  is,  how- 
ever, generally  admitted.  This  being  so,  it  may  be  further  asked,  are  there 
several  distinct  forms  of  imponderable  matter,  or  are  they  in  reality  but  one 
and  the  same  1  As  the  physical  sciences  extend  their  limits,  the  opinion 
tends  to  prevail  that  there  is  a  subtile,  imponderable,  and  eminently  elastic 
fluid  called  the  ether  distributed  through  the  entire  universe  ;  it  pervades 
the  mass  of  all  bodies,  the  densest  and  most  opaque,  as  well  as  the  lightest 
or  the  most  transparent.  It  is  also  considered  that  the  ultimate  particles  of 
which  matter  is  made  up  are  capable  of  definite  motions  varying  in  character 
and  velocity,  and  which  can  be  communicated  to  the  ether.  A  motion  of  a 
panicular  kind  communicated  to  the  ether  can  give  rise  to  the  phenomenon 
of  heat ;  a  motion  of  the  same  kind,  but  of  greater  velocity,  produces  light ; 
and  it  may  be  that  a  motion  different  in  form  or  in  character  is  the  cause  of 
electricity.  Not  merely  do  the  atoms  of  bodies  communicate  motion  to  the 
atoms  of  the  ether,  but  this  latter  can  impart  it  to  the  former.  Thus  the 
atoms  of  bodies  arc  at  once  the  sources  and  the  recipients  of  the  motion. 
All  physical  phenomena,  referred  thus  to  a  single  cau^e,  are  but  transforma- 
tions of  motion. 
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CH AFTER  II. 

GENERAL  PROPERTIES  OF   BODIES. 

7.  IMCerent  kinds  of  properties. — By  the  term  properties^  as  applied 
to  bodies,  we  understand  the  different  ways  in  which  bodies  present  them- 
selves to  our  senses.  We  distinguish  general  from  specific  properties.  The 
former  are  shared  by  all  bodies,  and  amongst  them  the  most  important  are 
impenetrability,  extension,  divisibility,  porosity,  compressibility,  elasticity, 
mobility,  and  ineftia. 

Specific  properties  are  such  as  are  observed  in  certain  bodies  only,  or  in 
certain  states  of  these  bodies  ;  such  are  solidity,  fluidity,  tenacity,  ductility, 
malleability,  hardness,  transparency,  colour,  &r. 

With  respect  to  the  above  general  properties,  impenetrability  and  exten- 
sion might,  perhaps,  be  more  aptly  termed  essential  attributes  of  matter, 
since  they  suffice  to  define  it ;  while  divisibility,  porosity,  compressibility, 
and  elasticity  do  not  apply  to  atoms,  but  only  to  bodies  or  aggregates  of 
atoms  (3). 

8.  impenetrability. — Impenetrability  is  the  property  in  virtue  of  which 
two  portions  of  matter  cannot  at  the  same  time  occupy  the  same  portion  of 
space.  Thus  when  a  stone  is  placed  in  a  vessel  of  water  the  volume  of  the 
water  rises  by  an  amount  depending  on  the  volume  of  the  stone  ;  this  method, 
indeed,  is  used  to  determine  the  bulk  of  irregularly  shaped  bodies  by  means 
of  graduated  measures. 

Strictly  speaking,  this  property  applies  only  to  the  atoms  of  a  body.  In 
many  phenomena  bodies  appear  to  penetrate  each  other  ;  thus,  the  volume 
of  a  compound  body  is  always  less  than  the  sum  of  the  volumes  of  its  con- 
stituents ;  for  instance,  the  volume  of  a  mixture  of  water  and  sulphuric 
acid,  or  of  water  and  alcohol,  is  less  than  the  sum  of  the  volumes  before 
mixture.  In  all  these  cases,  however,  the  penetration  is  merely  apparent, 
and  arises  from  the  fact  that  in  every  body  there  are  interstices,  or  spaces 
unoccupied  by  matter  (13). 

9.  Bztension. — Extension  or  magnitude  is  the  property  in  virtue  of  which 
every  body  occupies  a  limited  portion  of  space. 

Many  instruments  have  been  invented  for  measuring  linear  extension  or 
lengths  with  great  precision.  Two  of  these,  the  vernier  and  micrometer 
screw,  on  account  of  their  great  utility  deserve  to  be  here  mentioned. 

10.  Vernier. — The  vernier  forms  a  necessary  part  of  all  instruments 
where  lengths  or  angles  have  to  be  estimated  with  precision  ;  it  derives  its 
name  from  its  inventor,  a  French  mathematician,  who  died  in  1637,  and 
consists  essentially  of  a  short  graduated  scale,  ab  (fig.  i),  which  is  made  to  slide 
along  a  fixed  scale,  AB,  so  that  the  graduations  of  both  may  be  compared 
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with  each  other.  The  fixed  scale,  AB,  being  divided  into  equal  parts,  the 
whole  length  of  the  vernier,  ab^  may  be  taken  equal  to  nine  of  those  parts, 
and  is  itself  divided  into  ten  equal  parts.  Each  of  the  part$  of  the  vernier, 
abf  will  then  be  less  than  a  part  of  the  scale  by  one  tenth  of  the  latter. 

This  granted,  in  order  to  measure  the  length  of  any  object,  mn^  let  us 
suppose  that  the  latter,  when  placed  as  in  the  figure,  has  a  length  greater 
than  four  but  less  than  five  parts  of  the  fixed  scale.  In  order  to  determine 
by  what  fraction  of  a  part  mn  exceeds  four,  one  of  the  ends, «,  of  the  vernier, 
ab^  is  placed  in  contact  with  one  extremity  of  the  object,  mn^  and  the 
division  on  the  vernier  is  sought  which  coincides  with  a  division  on  the 
scale,  AB.  In  the  figure  this  coincidence  occurs  at  the  eighth  division  of 
the  vernier,  counting  from  the  end,  n,  and  indicates  that  the  fraction  to  be 
measured  is  equal  to  /^ths  of  a  part  of  the  scale,  AB.  In  fact,  each  of  the 
parts  of  the  vernier  being  less  than  a  part  of  the  scale  by  ,^5th  of  the  latter,  it 
is  clear  that  on  proceeding  towards  the  left  from  the  point  of  coincidence, 
the  divisions  of  the  vernier  are  respectively  one,  two,  three,  etc.  tenths 
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behind  the  divisions  of  the  scale  ;  so  that  the  end,  «,  of  the  object  (that  is  to 
say,  the  eighth  division  of  the  vernier)  is  /gths  behind  the  division  4  on  the 
scale  ;  in  other  words,  the  length  of  mn  is  equal  to  4Y5t^s  of  the  parts  into 
which  the  scale  AB  is  divided.  Consequently,  if  the  scale  A  B  were  divided 
into  inches,  the  length  of  w/f  would  be4|''jj«4|  inches.  The  divisions  on 
the  scale  remaining  the  same,  it  would  be  necessary  to  increase  the  length 
of  the  vernier  in  order  to  measure  the  length  mn  more  accurately.  For 
instance,  if  the  length  of  the  vernier  were  equal  to  nineteen  of  the  parts  on 
the  scale,  and  this  length  were  divided  into  twenty  equal  parts,  the  length  mn 
could  be  determined  to  the  twentieth  of  a  part  on  the  scale,  and  so  on.  In 
instruments  like  the  theodolite,  intended  for  measuring  angles,  the  scale  and 
vernier  have  a  circular  form,  and  the  latter  usually  carries  a  magnifier  in 
order  to  determine  with  greater  precision  the  coincident  divisions  of  vernier 
and  scale. 

I  r.  Mteremeter  screw. — Another  useful  little  instrument  for  measuring 
small  lengths  with  precision  is  the  micrometer  screw.  It  is  used  under 
various  forms,  but  the  principle  is  the  same  in  all,  and  may  be  illustrated  by 
reference  to  the  spherometer.  This  consists  of  an  accurately  turned  screw 
with  a  blunt  point  which  works  in  a  companion  supported  on  three  steel 
points  (fig.  2).  To  one  of  these  is  fixed  a  vertical  graduated  scale,  each 
division  of  which  is  equal  to  the  distance  between  two  threads  of  < 
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This  distance  may  be  accurately  determined  by  measuring  a  given  length  c 
the  screw  by  compasses,  and  counting  the  number  of  the  threads  in  thi 
length.    A  milled  head  attached  to  the  screw  is  graduated  at  the  peripher 

into  any  given  number  of  parts,  say  50c 
Suppose  now  the  distance  between  the  thread 
is  I  millimetre,  when  the  head  has  made  ; 
complete  turn  it  will  have  risen  or  sun! 
through  one  millimetre,  and  so  on  in  propox 
tion  for  any  multiple  or  fraction  of  a  turn. 

In  order  to  determine  the  thickness  of  1 
piece  of  glass  for  instance,  the  apparatus  i 
placed  on  a  perfectly  plane  polished  surface 
and  the  point  of  the  screw  is  brought  ii 
contact  with  the  glass.  The  division  on  th 
vertical  scale  immediately  above  the  limt 
and  that  on  the  limb  are  read  off.  After  re 
moving  the  glass  plate  the  point  is  brought  in  contact  with  the  plane  surface 
and  corresponding  readings  are  again  made,  from  which  the  thickness  cai 
be  at  once  deduced. 

The  same  process  is  obviously  applicable  to  determining  the  diameter  g 
a  wire. 

To  ascertain  whether  a  surface  is  spherical,  three  points  are  applied  t 
the  surface,  and  the  screw  is  also  made  to  touch  as  described  above.  It  i 
then  moved  along  the  surface,  and  if  all  four  points  are  everywhere  in  con 
tact  the  surface  is  truly  spherical.  This  application  is  of  great  value  i; 
ascertaining  the  exact  curvature  of  lenses. 

The  diameter  of  a  sphere  may  also  be  measured  by  its  means  ;  for  i 
can  be  shown  by  a  simple  geometrical  construction  that  the  distance  of  th 
movable  point  from  the  plane  of  the  fixed  points,  multiplied  by  the  diametc 
of  the  sphere,  is  equal  to  the  square  of  the  distance  of  the  movable  poin 
from  one  of  the  fixed  points. 

12.  BiTislblllty— is  the  property  in  virtue  of  which  a  body  may  be  scpa 
rated  into  distinct  parts. 

Numerous  examples  maybe  cited  of  the  extreme  divisibility  of  matter  (3; 
The  tenth  part  of  a  grain  of  musk  will  continue  for  years  to  fill  a  rooi 
with  its  odoriferous  panicles,  and  at  the  end  of  that  time  will  scarcely  b 
diminished  in  weight.  IJlootl  is  ( omposed  of  red,  flattened  globules,  floatin 
in  a  colourless  liquid  called  serum.  In  man  the  diameter  of  one  of  thcs 
globules  is  less  than  the  3,500th  part  of  an  inch,  and  the  drop  of  blood  whic 
might  be  suspended  from  the  point  of  a  nirdh-  would  contain  about  a  millio 
of  globules. 

Again,  the  mirrosropr  has  disr  Insfd  to  us  the  existence  of  insects  smallc 
even  than  these  parlirles  of  blood  ;  tin-  hiiug^rlr  for  existence  reaches  ew 
to  these  little  creatures,  for  they  divoiir  mill  MiuiUer  ones.  If  blood  runs  i 
the  veins  of  these  devovnrd  om-.,  how  iii(iiiiii.^iinal  must  be  the  magnitud 
of  its  component  (>lohul('s  ! 

Although  experimenl  laiU  to  dHfrniinr  whrthrr  there  be  a  limit  toll 
divisibility  of  matter,  many  l.i.  i-*  m  « liri„i-.i,y^  .,„,  |j  .,^  ^^^  invariability! 
the  relative  weights  of  iluTlriiiii.in  wIimIi  10111111111.  with  each  other  wiol 
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;  of  which 


o  believe  [ha.l  such  a  limit  does  e 
bodies  are  conceived  10  be  composed  of  eAiremely  n 
pans  called  atoms  {^). 

13.  VM-Mdty. — Porosity  \s  the  quality  in 
P«rts  enist  between  the  molecules  of  a  body. 

TiKfo  kinds  of  pores  may  be  distinguished  :  physical  pores,  where  the  J 
interstices  are  so  small  that  the  surrounding  molecules  remain  within  the  ] 
iphere  of  each  other's  attracting  or  repelling  forces  ;  and  sensible  pore. 
iictual  cavities  across  which  these  molecular  forces  cannot  act.     The  con- 
iractions  and  expansions  resulting  from  variations  of  temperature  are  due  to 
the  existence  of  physical  pores,  whilst  in  the  organic  world  the  sensible  pores 
are  the  seat  of  the  phenomena  of  exhalation  and  absorption. 

In  wood,  sponge,  and  a  great  number  of  stones — for  instance,  pumice 
Elooc— the  sensible  pores  are  apparent;  physical  pores  never  arc.     Yet, 
since  the  volume  of  every  body  may  be  dimin- 
ished, we   conclude  that   all  possess   physical 

The  existence  of  sensible  pores  may  be 
shown  by  the  following  experiment  : — A  long 
^lass  tube,  A  (fig.  3),  is  provided  with  a  brass 
cup  at  the  top,  and  a  brass  foot  made  ii 
on  to  the  plate  of  an  air-pump.  The  bottom  of 
the  cup  consists  of  a  thick  piece  of  leather. 
Aftci  pouring  mercury  into  the  cup  so  as 
entirely  10  cover  the  leaiher.theair-pumpisput 
in  action.and  a  partial  vacuum  produced  within 
the  tube.  By  so  doing  a  shower  of  mercur>'  is 
e  produced  within  the  tube,  for  the  atmo- 
spheric pressure  on  the  mercury  forces  that 
Itijuid  through  d)c  pores  of  the  leather.  Inihe 
r  water  or  mercury  may  be  forced 
through  the  pores  of  wood,  by  replacing  the 
leather  in  the  above  experiment  by  a  disc  of 
«tkh1  cut  perpendicular  to  the  fibres. 

When  a  piece  of  chalk  is  thrown  into  water, 
ir-bubbles  at  once  rise  to  the  surface,  in  con- 
sequence of  the  air  in  the  pores  of  the  chalk 
bewgopelled  bythe  water.  The  chalk  will  be 
foand  to  be  heavierafter  immersion,  than  ii  was 
before,  and  knowing  its  volume,  the  volume  of 
i»  pores  may  be  easily  determined  from  the 
inrteasc  of  its  weight. 

The  porosity  of  gold  was  demonstrated  by 
the  celebrated  Florentine  experimenl  made  in  1661.     Some  academ 
rkitence,  wishing  to  try  whether  water  was  compressible,  filled  a  thin  globe 
n*  Bdd  with  that  liquid,  and,  after  closing  the  orifice  hermetically,  they  ex- 
powd  (he  globe  to  pressure  with  a  \icw  of  ahering  its  form,  knowing  that 
•ny  alteration  in  form  must  be  accompanied  by  a  diminution  *  ^e. 

The  consequence  was,  that  the  water  forced  its  way  through  iit^ 
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gold,  and  stood  on  the  outside  of  the  globe  like  dew.  More  than  twent) 
years  previously  the  same  fact  was  demonstrated  by  Francis  Bacon  by  means 
of  a  leaden  sphere  ;  the  experiment  has  since  been  repeated  with  globes  oj 
other  metals,  and  similar  results  obtained. 

A  glass  tube  about  a  metre  long,  closed  at  one  end,  is  half  filled  with 
water,  and  then  pure  alcohol  poured  upon  it  to  a  mark  near  the  top ;  on  ther 
closing  the  open  end  with  the  thumb  and  inverting  the  tube  several  times 
the  mixture  shrinks  so  that  its  level  is  now  nearly  an  inch  below  the 
mark ;  at  the  same  time  very  minute  bubbles  are  seen  to  rise,  owing  to  the 
water  having  penetrated  into  the  pores  of  the  alcohol  and  expelled  the  aii 
present. 

14.  Apparent  and  real  Tolamee. — In  consequence  of  the  porosity  oJ 
bodies,  it  becomes  necessary  to  distinguish  between  their  real  and  apparent 
volumes.  The  real  volume  of  a  body  is  the  portion  of  space  actually  occu- 
pied by  the  matter  of  which  the  body  is  composed  ;  its  apparent  volume  is 
the  sum  of  its  real  volume  and  the  total  volume  of  its  pores.  The  real 
volume  of  a  body  is  invariable,  but  its  apparent  volume  can  be  altered  in 
various  ways. 

1 5.  Applieatione. — The  property  of  porosity  is  utilised  in  filters  of  paper 
felt,  stone,  charcoal,  &c.  The  pores  of  these  substances  are  sufficiently  large 
to  allow  liquids  to  pass,  but  small  enough  to  arrest  the  passage  of  any  sub- 
stances which  these  liquids  may  hold  in  suspension.  Again,  large  blocks  oj 
stone  are  often  detached  in  quarries  by  introducing  wedges  of  dry  wood  intc 
grooves  cut  in  the  rock.  These  wedges  being  moistened,  water  penetrates 
their  pores,  and  causes  them  to  swell  with  considerable  force.  Dry  cords 
when  moistened,  increase  in  diameter  and  diminish  in  length— a  property  01 
which  advantage  has  been  taken  in  order  to  raise  great  weights. 

16.  CompreeeibiUtT'. — Compressibility  is  the  property  in  virtue  of  whict 
the  volume  of  a  body  may  be  diminished  by  pressure.  This  property  is  ai 
once  a  consequence  and  a  proof  of  porosity. 

Bodies  differ  greatly  with  respect  to  compressibility.  The  most  com 
pressible  bodies  are  gases ;  by  sufficient  pressure  they  may  be  made  tc 
occupy  ten,  twenty,  or  even  some  hundred  times  less  space  than  theydoundei 
ordinary  circumstances.  In  most  cases,  however,  there  is  a  limit  beyonc 
which,  when  the  pressure  is  increased,  they  become  liquids. 

The  compressibility  of  solids  is  much  less  than  that  of  gases,  and  is  founc 
in  all  degrees.  Cloths,  paper,  cork,  woods,  are  amongst  the  most  com- 
pressible. Metals  are  so  also  to  a  great  extent,  as  is  proved  by  the  process 
of  coining,  in  which  the  metal  receives  the  impression  from  the  die.  There 
is,  in  most  cases,  a  limit  beyond  which,  when  the  pressure  is  increased,  bodies 
are  fractured  or  reduced  to  powder. 

The  compressibility  of  liquids  is  so  small  as  to  have  remained  for  a  lonj 
time  undetected  :  it  may,  however,  be  proved  by  experiment,  as  will  be  seer 
in  the  chapter  on  Hydrostatics. 

1 7.  BlastlcitT-. — Elasticity  is  the  property  owing  to  which  bodies  resume 
their  original  form  or  volume,  when  the  force  which  altered  that  form  01 
volume  ceases  to  act.  Elasticity  may  be  developed  in  bodies  by  pressure 
by  traction  or  pulling,  flexion  or  bending,  and  by  torsion  or  twisting,  Ir 
treating  of  the  general  properties  of  bodies,  the  elasticity  developed  b> 
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pressure  alone  requires  consideration ;  the  other  kinds  of  elasticity,  being 
peculiar  to  solid  bodies,  will  be  considered  amongst  their  specific  properties 
(arts.  89,  90,  91). 

Gases  and  liquids  are  perfectly  elastic  ;  in  other  words,  after  undergoing 
a  change  in  volume  they  regain  exactly  their  original  volume  when  the 
pressure  becomes  what  it  originally  was.  Solid  bodies  present  different  de- 
grees of  elasticity,  though  none  present  the  property  in  the  same  perfec- 
tion as  liquids  and  gases,  and  in  all  it  varies  according  to  the  time  during 
which  the  body  has  been  exposed  to  pressure.  Caoutchouc,  ivory,  glass, 
and  marble  possess  considerable  elasticity;  lead,  clay,  and  fats,  scarcely 
any. 

There  is  a  limit  to  the  elasticity  of  solids,  beyond  which  they  either  break 
or  are  incapable  of  regaining  their  original  form  and  volume.  This  is  called 
the  limit  of  elasticity  ;  within  this  limit  all  substances  are  perfectly  elastic. 
In  sprains,  for  instance,  the  elasticity  of  the  tendons  has  been  exceeded. 
In  gases  and  liquids,  on  the  contrary,  no  such  limit  can  be  reached  ;  they 
always  regain  their  original  volume  when  the  original  pressure  is  restored. 

If  a  ball  of  ivory,  glass,  or  marble  be  allowed  to  fall  upon  a  slab  of  polished 
marble,  which  has  been  previously  slightly  smeared  with  oil,  it  will  rebound 
and  rise  to  a  height  nearly  equal  to  that  from  which  it  fell.  On  afterwards 
examining  the  ball  a  circular  blot  of  oil  will  be  found  upon  it,  more  or  less 
extensive  according  to  the  height  of  the  fall.  From  this  we  conclude  that  at  the 
moment  of  the  shock  the  ball  was  flattened,  and  that  its  rebound  was  caused 
by  the  effort  to  regain  its  origmal  form. 

18.  MobiUtyt  mottoBf  rest. — Mobility  is  the  property  in  virtue  of  which 
the  position  of  a  body  in  space  may  be  changed. 

Motion  and  rest  may  be  either  relative  or  absolute.  By  the  relative 
motion  or  rest  of  a  body  we  mean  its  change  or  permanence  of  position  with 
respect  to  surrounding  bodies  ;  by  its  absolute  motion  or  rest  we  mean  the 
change  or  permanence  of  its  position  with  respect  to  ideal  fixed  points  in 
space. 

Thus  a  passenger  in  a  railway  carriage  may  be  in  a  state  of  relative  rest 
with  respect  to  the  train  in  which  he  travels,  but  he  is  in  a  state  of  relative 
motion  with  respect  to  the  objects,  such  as  trees,  houses,  &c.,  past  which  the 
train  rushes.  These  houses  aeain  enjoy  merely  a  state  of  relative  rest,  for 
the  earth  itself  which  bears  them  is  in  a  state  of  incessant  relative  motion 
with  respect  to  the  celestial  bodies  of  our  solar  system,  inasmuch  as  it  moves 
at  the  rate  of  more  than  eighteen  miles  in  a  second.  In  short,  absolute 
motion  and  rest  are  unknown  to  us  ;  in  nature,  relative  motion  and  rest  are 
alone  presented  to  our  observation. 

19.  Inertia. — Inertia  is  a  purely  negative  though  universal  property  of 
matter  (26) ;  it  is  the  property  that  matter  cannot  of  itself  change  its  own 
itate  of  motion  or  of  rest.  If  a  body  is  at  rest  it  remains  so  until  some 
force  acts  upon  it ;  if  it  is  in  motion  this  motion  can  only  be  changed  by  the 
application  of  some  force. 

This  property  of  inertia  is  what  is  expressed  by  Newton's  first  law  of 
motion. 

A  body,  when  unsupported  in  mid-air,  does  not  fall  to  the  earth  in  virtu*^ 
of  any  inherent  property,  but  because  it  is  acted  upon  by  the  force  of  gravi 
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A  billiard  ball  gently  pushed  does  not  move  more  and  more  slowly,  and 
finally  stop,  because  it  has  any  preference  for  a  state  of  rest,  but  because  its 
motion  is  impeded  by  the  friction  on  the  cloth  on  which  it  rolls,  and  by  the 
resistance  of  the  air.  If  all  impeding  causes  were  withdrawn,  a  body  once 
in  motion  would  continue  to  move  for  ever  in  a  straight  line  with  unchanging 
velocity. 

20.  ApplieatloBs. — Numerous  phenomena  may  be  explained  by  the 
inertia  of  matter.  For  instance,  before  leaping  a  ditch  we  run  towards  it,  in 
order  that  the  motion  of  our  bodies  at  the  moment  of  leaping  may  add  itself 
to  the  muscular  effort  then  made. 

On  descending  carelessly  from  a  carriage  in  motion,  the  upper  part  of  the 
body  retains  its  motion,  whilst  the  feet  are  prevented  from  doing  so  by  friction 
against  the  ground ;  the  consequence  is  we  fall  towards  the  moving  carriage. 
A  rider  falls  over  the  head  of  a  horse  if  it  suddenly  stops.  In  striking  the 
handle  of  a  hammer  against  the  ground  the  handle  suddenly  stops,  but  the 
head,  striving  to  continue  its  motion,  fixes  itself  more  firmly  on  the  handle. 

By  the  property  of  inertia  may  also  be  explained  the  following  experi- 
ments : — Let  a  card  be  placed  upon  a  tumbler,  and  a  shilling  on  the  card ; 
if  the  edge  of  the  card  be  smartly  flicked  i^ith  the  finger  the  card  is  driven 
away  and  the  coin  falls  into  the  tumbler.  A  gentle  push  with  the  finger  will 
move  a  door  on  its  hinges  ;  but  if  a  pistol  bullet  be  fired  against  the  door  it 
perforates  the  door  without  moving  it.  A  clay  tobacco  pipe,  which  is  sus- 
pended by  two  vertical  hairs,  may  be  cut  in  two  by  a  poweHiil  stroke  with  a 
sharp  sword  without  breaking  the  hairs. 

A  string  which  gently  applied  will  raise  a  weight,  snaps  at  once  when  a 
sudden  pull  is  exerted.  Substances  which  explode  with  great  rapidit>',  such 
as  fulminating  mercury,  chloride  of  nitrogen,  cannot  be  used  with  fire-arms, 
because  there  is  not  sufficient  time  to  transfer  the  motion  to  the  projectiles, 
and  hence  the  weapons  are  burst. 

The  terrible  accidents  on  our  railways  are  chiefly  due  to  inertia.  When 
the  motion  of  the  engine  is  suddenly  arrested  the  carriages  strive  to  continue 
the  motion  they  had  acquired,  and  in  doing  so  are  shattered  against  each 
other.  Hammers,  pestles,  stampers  are  applications  of  inertia.  So  are  also 
the  enormous  iron  fly-wheels,  by  which  the  motion  of  steam-engines  is 
regulated. 


22]  Measure  of  Space.  1 1 


CHAPTER    III. 

ON   FORCE,  EQUILIBRIUM,  AND  MOTION. 

21.  IKeasmre  of  ttme.'^-To  obtain  a  proper  measure  of  force  it  is  neces- 
sary, as  a  preliminary,  to  define  certain  conceptions  which  are  presupposed 
in  that  measure  ;  and,  in  the  first  place,  it  is  necessary  to  define  the  unit  of 
time.  Whenever  a  second  is  spoken  of  without  qualification  it  is  understood 
to  be  a  second  of  mean  solar  time.  The  exact  length  of  this  unit  is  fixed- by 
the  following  considerations.  The  instant  when  the  sun's  centre  is  on  an 
observer's  meridian — in  other  words,  the  instant  of  the  tfansit  of  the  sun's 
centre — can  be  determined  with  exactitude,  and  thus  the  interval  which 
elapses  between  two  successive  transits  also  admits  of  exact  determination, 
and  is  called  an  apparent  day.  The  length  of  this  inten'al  diflfers  slightly 
from  day  to  day,  and  therefore  does  not  serve  as  a  convenient  measure  of 
time.  Its  average  length  is  not  open  to  this  objection,  and  therefore  serves 
as  the  required  measure,  and  is  called  a  mean  solar  dav.  The  short  hand 
of  a  common  clock  would  go  exactly  twice  round  the  face  in  a  mean  solar 
day  if  it  went  perfectly.  The  mean  solar  day  consists  of  24  equal  parts 
called  hours^  these  of  60  equal  parts  called  minutes^  and  these  again  of  60 
equal  parts  called  seconds.  Consequently,  the  second  is  the  86,400th  part  of 
a  mean  solar  day,  and  is  the  generally  received  unit  of  time. 

22.  Measure  of  space. — Space  may  be  either  length  or  distance^  which 
is  space  of  one  dimension  ;  area^  which  is  space  of  two  dimensions  ;  or 
volume^  which  is  space  of  three  dimensions.  In  England  the  standard  of 
length  is  the  British  Imperial  Yard,  which  is  the  distance  between  two  fixed 
points  on  a  certain  metal  rod,  kept  in  the  Tower  of  London,  when  the  tempera- 
ture of  the  whole  rod  is  60°  F.  -  I5°*5  C.  It  is,  however,  usual  to  employ  as 
a  unit,  2ifoot^  which  is  the  third  part  of  a  yard.  In  France  the  standard  of 
length  is  the  metre  ;  this  is  approximately  equal  to  the  ten-millionth  part  of 
a  quadrant  of  the  earth's  meridian,  that  is  of  the  arc  from  the  Equator  to  the 
North  Pole  ;  it  is  practically  fixed  by  the  distance  between  two  marks  on  a 
certain  standard  rod.     The  relation  between  these  standards  is  as  follows  : — 

I  yard      =0*914383  metre. 
I  metre   «  i  '093633  yard. 

The  unit  of  length  having  been  fixed,  the  units  of  area  and  volume  are 
•^onnected  with  it  thus  :  the  //////  of  area  is  the  area  of  a  square,  one  side  of 
•*hich  is  the  unit  of  length.  The  unit  of  volume  is  the  volume  of  a  cube,  one 
tdjje  of  which  is  the  unit  of  length.  These  units  in  the  case  of  English 
measures  are  the  square  yard  (or  foot)  and  the  cubic  yard  (or  foot)  respec- 
tively ;  in  the  case  of  French  measures,  the  square  metre  and  cubic  metr<" 
respectively.     The  length  of  the  seconds  pendulum,  in  lat.  45°,  which 


12  On  Matter,  Force,  and  Motion.  [28- 

about  that  of  Milan,  is  0*9935111.,  and  thus  only  differs  from  a  metre  by  6-5 
millimetres. 

23.  MMMvre  of  mass. — Two  bodies  are  said  to  have  equal  masses  when, 
if  placed  in  a  perfect  balance  in  vacuo,  they  counterpoise  each  other.  Suppose 
we  take  lumps  of  any  substance,  lead,  butter,  wood,  stone,  &c.,  and  suppose 
that  any  one  of  them,  when  placed  on  the  one  pan  of  a  balance,  will  exactly 
counterpoise  any  other  of  them,  when  placed  on  the  opposite  pan — the 
balance  being  perfect  and  the  weighing  performed  in  vacuo ;  this  being  the 
case,  these  lumps  are  said  to  have  equal  masses. 

The  British  unit  of  mass  is  the  standard  pound  (avoirdupois),  which  is  a 
certain  piece  of  platinum  kept  in  the  Exchequer  Office  in  London.  This  unit 
having  been  fixed,  the  mass  of  a  given  substance  is  expressed  as  a  multiple 
or  submultiple  of  the  unit. 

It  need  scarcely  be  mentioned  that  many  distances  are  ascertained  and 
expressed  in  yards  which  it  would  be  physically  impossible  to  measure 
directly  by  a  yard  measure.  In  like  manner  the  masses  of  bodies  are  fre- 
quently ascertained  and  expressed  numerically  which  could  not  be  placed  in 
a  balance  and  subjected  to  direct  weighing. 

24.  Bensity  and  relative  deasl^. — If  we  consider  any  body  or  portion 
of  matter,  and  if  we  conceive  it  to  be  divided  into  any  number  of  parts  having 
equal  volumes,  then,  if  the  masses  of  these  parts  are  equal,  in  whatever  way 
the  division  be  conceived  as  taking  place,  that  body  is  one  of  uniform 
density.  The  density  of  such  a  body  is  the  mass  of  the  unit  0/ voiume.  Con- 
sequently, if  M  denote  the  mass,  V  the  volume,  and  D  the  density  of  the 
body,  we  have 

M-VD. 

If  now  we  have  an  equal  volume  V  of  any  second  substance  whose  mass  is 
M'  and  density  D',  we  shall  have 

M'  =  VD'. 

Consequently,  D  :  D'::M  :  M' ;  that  is,  the  densities  of  substances  are  in 
the  same  ratio  as  the  masses  of  equal  volumes  of  those  substances.  If  now 
we  take  the  density  of  distilled  water  at  4**  C.  to  be  unity,  the  relative  density 
of  any  other  substance  is  the  ratio  which  the  mass  of  any  given  volume  of 
that  substance  at  that  temperature  bears  to  the  mass  of  an  equal  volume  of 
water.  Thus  it  is  found  that  the  mass  of  any  volume  of  platinum  is  22*069 
times  that  of  an  equal  volume  of  water,  consequently  the  relative  density  of 
platinum  is  22*069. 

The  relative  density  of  a  substance  is  generally  called  its  speafic  gravity. 
Methods  of  determining  it  are  given  in  Book  III. 

In  French  measures  the  cubic  decimetre  or  litre  of  distilled  water  at  4°  C. 
contains  the  unit  of  mass,  the  kilogramme  ;  and  therefore  the  mass  in  kilo- 
grammes of  V  cubic  decimetres  of  a  substance  whose  specific  gravity  is  D, 
will  be  given  by  the  equation 

M  =  VD. 

The  same  equation  will  give  the  mass  in  grammes  of  the  body,  if  V  is  given 
in  cubic  centimetres. 

It  has  been  ascertained  that  27*7274  cubic  inches  of  distilled  water  at  the 
temoerature  of  1 5^*5  C.  or  60°  F.  contain  a  pound  of  matter.     Consequently, 
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if  V  is  the  volume  of  a  body  in  cubic  inches,  D  its  specific  gravity ^  its  mass 
M  in  pounds  avoirdupois  will  be  given  by  the  equation 

M  -  -yp_. 

277274 

In  this  equation  D  is,  properly  speaking,  the  relative  density  of  the  substance 
at  1 5®  5  C.  when  the  density  of  water  at  1 5°* 5  C.  is  taken  as  the  unit. 

25.  ▼olooltj  and  its  measure. — When  a  material  point  moves,  it  de- 
scribes a  continuous  line  which  may  be  either  straight  or  curved,  and  is 
called  its  path  and  sometimes  its  trajectory.  Motion  which  takes  place 
along  a  straight  line  is  called  rectilinear  motion  ;  that  which  takes  place 
along  a  curved  line  is  called  cunnlinear  motion.  The  rate  of  the  motion  of 
a  point  is  called  its  velocity.  Velocity  may  be  either  uniform  or  variable  ;  it 
is  uniform  when  the  point  describes  equal  spaces  or  portions  of  its  path  in 
all  equal  times  ;  it  is  variable  when  the  point  describes  unequal  portions  of 
its  path  in  any  equal  times. 

Uniform  velocity  is  measured  by  the  number  of  units  of  space  described 
in  a  given  unit  of  time.  The  units  commonly  employed  in  this  country  are 
feet  and  seconds.  If,  for  example,  a  velocity  5  is  spoken  of  without  qualifi- 
cation, this  means  a  velocity  of  5  feet  per  second.  Consequently,  if  a  body 
moves  for  /  seconds  with  a  uniform  velocity  Vy  it  will  describe  v  t  feet. 

The  following  are  a  few  examples  of  different  degrees  of  velocity  expressed 
in  this  manner.  A  snail  0*005  feet  in  a  second  ;  the  Rhine  between  Worms 
and  Mainz  3*3  ;  military  quick  step  4*6 ;  moderate  wind  10 ;  fast  sailing 
vessel  i8*o  ;  Channel  steamer  22*0;  railway  train  36  to  75  feet ;  racehorse 
and  storm  50  feet ;  eagle  100  feet ;  carrier  pigeon  120  feet ;  a  hurricane  160 
feet ;  sound  at  o^  1,090  ;  a  shot  from  an  Armstrong  gun  1,180  ;  a  Martini- 
Henry  rifle  bullet  1,330 ;  a  point  on  the  Equator  in  its  rotation  about  the 
earth's  axis  1,520  ;  velocity  of  the  vibratory  motion  of  particles  of  air  1,590; 
the  centre  of  the  earth  101,000  feet ;  light,  and  also  electricity  in  a  medium 
destitute  of  resistance  192,000  miles. 

Variable  velocity  is  measured  at  any  instant  by  the  number  of  units  of 
space  a  body  would  describe  if  it  continued  to  move  uniformly  from  that 
instant  for  a  unit  of  time.  Thus,  suppose  a  body  to  run  down  an  inclined 
plane,  it  is  a  matter  of  ordinary  observation  that  it  moves  more  and  more 
quickly  during  its  descent ;  suppose  that  at  any  point  it  has  a  velocity  15, 
this  means  that  at  that  point  it  is  moving  at  the  rate  of  1 5  ft.  per  second, 
or  in  other  words,  if  from  that  point  all  increase  of  velocity  ceased,  it  would 
describe  1 5  ft.  in  the  next  second. 

26.  Voroe. — When  a  material  point  is  at  rest,  it  has  no  innate  power  of 
changing  its  state  of  rest ;  when  it  is  in  motion  it  has  no  innate  power  of 
changing  its  state  of  uniform  motion  in  a  straight  line.  This  property  of 
matter  is  termed  its  inertia  (19).  Any  cause  which  sets  a  point  in  motion, 
or  which  changes  the  magnitude  or  direction  of  its  velocity  if  in  motion,  is  a 
force.  Gravity^  friction^  the  elasticity  of  springs  or  gases,  electrical  or  mag- 
netic attrcution  or  repulsion^  &c.,  are  forces.  All  changes  observed  in  the 
motion  of  bodies  can  be  referred  to  the  action  of  one  or  more  forces. 

According  to  the  length  of  time  during  which  it  acts,  a  force  may  be 
either  momentary — such  as  the  forces  called  into  play  in  an  explosion  **" 
impact,  or  the  discharge  of  an  electrical  spark — or  it  may  be  continue 
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permanent^  like  the  attraction  of  a  magnet  or  of  gravitation,  or  the  forces 
called  into  play  by  an  electrical  current.  The  effect  of  a  force  of  the  former 
kind  (which  is  called  an  impulsive  force)  is,  as  far  as  our  observation  permits, 
an  instantaneous  change  in  the  momentum  (28)  of  the  body  on  which  it  acts, 
while  the  effects  of  forces  of  the  latter  kind  are  produced  gradually,  and  re- 
quire the  lapse  of  time  to  exhibit  themselves.  In  order  that  impulsive  forces 
may  produce  any  appreciable  effects,  their  intensity  during  the  moment  of 
their  action  must  be  indefinitely  greater  than  that  of  continuous  forces.  An 
impulsive  force  is  measured  by  the  instantaneous  change  in  the  momentum 
of  the  body  on  which  it  acts.  If  the  strength  of  a  continuous  force  does  not 
vary,  it  is  called  a  constant  force. 

27.  AooeleratiTe  effeot  of  force. — If  we  suppose  a  force  to  continue 
unchanged  in  magnitude,  and  to  act  along  the  line  of  motion  of  a  point,  it 
will  communicate  in  each  successive  second  a  constant  increase  of  velocity. 
This  constant  increase  is  the  accelerative  effect  of  the  force.  Thus,  if  at  any 
given  instant  the  body  has  a  velocity  10,  and  if  at  the  end  of  the  first,  second, 
third,  &c.,  second  from  that  instant  its  velocity  is  13,  16,  19,  &c.,  the  ac- 
celerative effect  of  the  force  is  3 ;  a  fact  which  is  expressed  by  saying  that 
the  body  has  been  acted  on  by  an  accelerating  force  3. 

If  the  force  varies  from  instant  to  instant,  its  accelerative  effect  will  also 
vary  ;  when  this  is  the  case  the  accelerative  effect  at  any  instant  is  measured 
by  the  velocity  it  would  communicate  in  a  second  if  the  force  continued 
constant  from  that  instant. 

By  means  of  an  experiment  to  be  described  below  (79)  it  can  be  shown 
that  at  any  given  place  the  accelerative  effect  of  gravity^ is  constant  ;  but 
it  is  found  to  have  different  values  at  different  places  ;  adopting  the  units  of 
feet  and  seconds  it  is  found  that  with  sufficient  approximation 

g*f(\  -0*00256  cos  2<^) 

at  a  place  whose  latitude  is  <^,  where/  denotes  the  number  32*1724,  that  is 
the  effect  of  gravity  in  latitude  45°. 

If  we  adopt  the  units  of  metres  and  seconds,  theny=  9'8o59. 

28.  Momentmn  or  quantity  of  motion  is  a  magnitude  varying  as  the 
mass  of  a  body  and  its  velocity  jointly,  and  is  therefore  expressed  numerically 
by  the  product  of  the  number  of  units  of  mass  which  it  contains,  w,  and  the 
number  of  units  of  velocity,  7/,  in  its  motion,  or  by  nw.  Thus  a  body  con- 
taining 5  lbs.  of  matter,  and  moving  at  the  rate  of  12  ft.  per  second,  has  a 
momentum  of  60. 

29.  Measvire  of  fbroo. — Force,  when  constant,  is  measured  by  the  mo- 
mentum it  communicates  to  a  body  in  a  unit  of  time.  If  the  force  varies,  it 
is  then  measured  at  any  instant  by  the  momentum  it  would  communicate  if 
it  continued  constant  for  a  unit  of  time  from  the  instant  under  consideration. 
On  the  British  system  of  weights  and  measures  the  unit  of  force  is  that  force 
which  acting  on  a  pound  of  matter  would  produce  in  one  second  a  velocity 
of  one  foot,  per  second.  To  this  unit  the  term  poundal  has  been  applied. 
Consequently,  if  a  body  contains  m  lbs.  of  matter,  and  is  acted  on  by  a  force 
whose  accelerative  effect  is  f  that  force  contains  a  number  of  units  of  force 
(F),  given  by  the  equation 

F  ^mf 
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The  weight  of  a  body,  when  that  term  denotes  aforce^  is  the  force  exerted 
on  it  by  gravity ;  consequently,  if  m  is  the  mass  of  the  body,  and  g  the 
accelerating  force  of  gravity,  the  number  of  units  of  force  W  exerted  on  it 
by  gravity  is  given  by  the  equation 

or  (27)  W -»j/'(i  -  0002 56  cos  2(^). 

From  this  it  is  clear  that  the  weight  of  the  same  body  will  be  different  at 
different  parts  of  the  earth's  surface  ;  this  could  be  verified  by  attaching  a 
piece  of  platinum  (or  other  metal)  to  a  delicate  spring,  and  noting  the  varia- 
tions in  the  length  of  the  spring  during  a  voyage  from  a  station  in  the 
Northern  Hemisphere  to  another  in  the  Southern  Hemisphere — ^for  instance, 
from  London  to  the  Cape  of  Good  Hope. 

When,  therefore,  2i  pound  \s  used  as  a  unit  of  force  it  must  be  understood 
to  mean  the  force  W  exerted  by  gravity  on  a  pound  of  matter  in  London. 
Now,  in  London,  the  latitude  of  which  is  51°  30',  the  numerical  value  of  ^  is 
32*1912,  so  that 

W«  I  X  32*1912  ; 

in  other  words,  when  a  pound  is  taken  as  the  unit  of  force  it  contains  32*1912 
units  of  force  according  to  the  measure  given  above.  It  will  be  observed 
that  a  pound  of  matter  is  a  completely  determinate  quantity  of  matter  irre- 
spective of  locality,  but  gravity  exerts  on  a  pound  of  matter  a  pound  (or 
32*1912  units)  of  force  at  London  and  other  places  in  about  the  same  latitude 
as  London  only  ;  this  ambiguity  in  the  term  pound  should  be  carefully 
noticed  by  the  student ;  the  context  in  any  treatise  will  always  show  in  which 
sense  the  term  is  used.  The  absolute  unit  of  force  as  defined  above  is  con- 
stant ;  it  is  about  equal  to  a  weight  of  half  an  ounce  at  London. 

30.  XepresentatloB  of  foroes. — Draw  any  straight  line  AB  (fig.  4),  and 
fix  on  any  point  O  in  it.     We  may  suppose  a  force  to  act  on  the  point  O, 
along  the  line  AB,  either  towards  A  or  B  :  then  O  is 
called  iht  point  0/ application  of  the  force,  AB  its  line  tf    5         o        »     A 
of  action  ;  if  it  acts  towards  A,  its  direction  is  OA,  if  F>g-  4. 

toward  B,  its  direction  is  OB.  It  is  rarely  necessary 
to  make  the  distinction  between  the  line  of  action  and  direction  of  a  force  ; 
it  being  very  convenient  to  make  the  convention  that  the  statement — a  force 
acts  on  a  point  O  along  the  line  OA — means  that  it  acts  from  O  to  A.  Let 
us  suppose  the  force  which  acts  on  O  along  OA  to  contain  P  units  of  force  ; 
from  O  towards  A  measure  ON  containing  P  units  of  length,  the  line  ON  is 
said  to  represent  the  force.  The  analogy  between  the  line  and  the  force  is 
very  complete  ;  the  line  ON  is  drawn  from  O  in  a  given  direction  OA,  and 
contains  a  given  number  of  units  P,  just  as  the  force  acts  on  O  in  the  direc- 
tion O.A.,  and  contains  a  given  number  of  units  P.  It  is  scarcely  necessary 
to  add,  that  if  an  equal  force  were  to  act  on  O  in  the  opposite  direction,  it 
would  be  said  to  act  in  the  direction  OB,  and  would  be  represented  by  OM, 
equal  in  magnitude  to  ON. 

When  we  are  considering  several  forces  acting  along  the  same  line  we 
may  indicate  their  directions  by  the  positive  and  negative  signs.  Thus  the 
forces  mentioned  above  would  be  denoted  by  the  symbols  +  P  and  —  ^ 
respectively. 
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31.  Voroes  aotlBff  alony  the  same  line. — If  forces  act  on  the  point  O 
in  the  direction  OA  equal  to  P  and  Q  units  respectively,  they  are  equivalent 
to  a  single  force  R  containing  as  many  units  as  P  and  Q  together ;  that  is, 

R-P  +  Q. 

If  the  sign  +  in  the  above  equation  denote  cdfrebraiccd  addition,  the  equation 
will  continue  true  whether  one  or  both  the  forces  act  along  OA  or  OB.  It 
is  plain  that  the  same  rule  can  be  extended  to  any  number  of  forces,  and  if 
several  forces  have  the  same  line  of  action  they  are  equivalent  to  one  force 
containing  the  same  number  of  units  as  their  algebraiccd  sum.  Thus  if 
forces  of  3  and  4  units  act  on  O  in  the  direction  OA,  and  a  force  of  8  in  the 
direction  OB,  they  are  equivalent  to  a  single  force  containing  R  units  given 
by  the  equation 

R«3  +  4-8--i  ; 

that  is,  R  is  a  force  containing  one  unit  acting  along  OB.  This  force  R  is 
called  their  resultant.  If  the  forces  are  in  equilibrium  R  is  equal  to  zero. 
In  this  case  the  forces  have  equal  tendencies  to  move  the  point  O  in  opposite 
directions. 

32.  mesultant  and  oomponents. — In  the  last  article  we  saw  that  a  single 
force  R  could  be  found  equivalent  to  several  others ;  this  is  by  no  means 
peculiar  to  the  case  in  which  all  the  forces  have  the  same  line  of  action  ;  in 

fact,  when  a  material  point,  A  (fig.  5),  remains  in  equili- 
brium under  the  action  of  several  forces,  S,  P,  Q,  it  does 
so  because  any  one  of  the  forces,  as  S,  is  capable  of 
neutralising  the  combined  effects  of  all  the  others.  If  the 
force  S,  therefore,  had  its  direction  reversed,  so  as  to  act 
along  A  R,  the  prolongation  of  A  S,  it  would  produce  the 
same  effect  as  the  system  of  forces  P,  Q. 

Now,  a  force  whose  effect  is  equivalent  to  the  com- 
bined effects  of  several  other  forces  is  called  their  result- 
ant^ and,  with  respect  to  this  resultant,  the  other  forces 
are  termed  components. 

When  the  forces  P,  Q  act  on  a  point  they  can  only 
have  one  resultant ;  but  any.  single  force  can  be  resolved 
into  components  in  an  indefinite  number  of  ways. 

If  a  point  move  from  rest,  under  the  action  of  any  number  of  forces,  it 
will  begin  to  move  in  the  direction  of  their  resultant. 

33.  Varallelorram  of  forees. — When  two  forces  act  on  a  point  their 
resultant  is  found  by  the  following  theorem,  known  as  the  principle  of  the 
parallelogram  of  forces  : — If  two  forces  act  on  a  pointy  and  if  lines  be  drawn 
from  that  point  representing  the  forces  in  magnitude  and  direction^  and  on 
these  lines  as  sides  a  parcUlelogram  be  constructed^  their  resultant  will  be  re- 
presented  in  magnitude  and  direction  by  that  diagonal  which  passes  through 
the  point.  Thus  let  P  and  Q  (fig.  6)  be  two  forces  acting  on  the  point  A 
along  AP  and  AQ  respectively,  and  let  AB  and  AC  be  taken  containing  the 
same  number  of  units  of  length  that  P  and  Q  contain  units  of  force  ;  let  the 
parallelogram  ABDC  be  completed,  and  the  diagonal  AD  drawn  ;  then  the 
theorem  states  that  the  resultant,  R,  of  P  and  Q  is  represented  by  AD  ;  that 
is  to  say,  P  and  Q  together  are  equal  to  a  single  force  R  acting  along  the 


Fig.  5. 
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line  AD,  and  containing  as  many  units  of  force  as  AD  contains  units  of 
length. 

Proofs  of  this  theorem  are  given  in  treatises  on  Mechanics  ;  we  will  here 
give  an  account  of  a  direct  experimental  verification  of  its  truth ;  but  before 
doing  so  we  must  premise  an  account  of  a  very  simple  experiment. 

Let  A  (fig.  7)  be  a  small  pulley,  and  let  it  turn  on  a  smooth,  hard,  and 
thin  axle  with  little  or  no  friction  ;  let  W  be  a  weight  tied  to  the  end  of  a 
fine  thread  which  passes  over 
the  pulley ;  let  a  spring  CD  be 
attached  by  one  end  to  the  end 
C  of  the  thread  and  by  the  end 
D  to  another  piece  of  thread, 
the  other  end  of  which  is  fastened 
to  a  fixed  point  B  ;  a  scale  C£ 
can  be  fastened  by  one  end  to 
the  point  C  and  pass  inside  the 
spring  so  that  the  elongation  of 
the  spring  can  be  measured. 
Now  it  will  be  found  on  trial 


Fig.  d. 


F!g.  7. 


that  with  a  given  weight  W  the  elongation  of  the  spring  will  be  the  same 
whatever  the  angle  contained  between  the  parts  of  the  string  WA  and  BA. 
Also  it  would  be  found  that  if  the  whole  were  suspended  from  a  fixed  point, 
instead  of  passing  over  the  pulley,  the  weight  would  in  this  case  stretch  the 
spring  to  the  same  extent  as  before.  This  experiment  shows  that  when  care 
is  taken  to  diminish  to  the  utmost  the  friction  of  the  axle  of  the  pulley,  and 
the  imperfect  flexibility  of  the  thread,  the  weight  of  W  is  transmitted  without 
sensible  diminution  to  B,  and  exerts  on  that  point  a  pull  or  force  along  the 
line  BA  virtually  equal  to  W. 

This  being  premised,  an  experimental  proof,  or  illustration  of  the  paral- 
lelogram of  forces,  may  be  made  as  follows  : — 

Suppose  H  and  K  (fig.  8)  to  be  two  pulleys  with  axles  made  as  smooth 
and  fine  as  possible  ;  let  P  and  Q  be  two  weights  suspended  from  fine  and 
flexible  threads  which,  after  passing  over  H  and 
K,  are  fastened  at  A  to  a  third  thread  AL  from 
which  hangs  a  weight  R ;  let  the  three  weights 
come  to  rest  in  the  positions  shown  in  the  figure. 
Now  the  point  A  is  acted  on  by  three  forces  in  \ 
equilibrium,  viz.  P  from  A  to  H,  Q  from  A  to  ^ 
K,  and  R  from  A  to  L  ;  consequently,  any  one  of 
ihem  must  be  equal  and  opposite  to  the  re- 
sultant of  the  other  two.  Now  if  we  suppose 
the  apparatus  to  be  arranged  immediately  in 
front  of  a  large  slate,  we  can  draw  lines  upon  it  coinciding  with  AH,  AK,  and 
AL  If  now  we  measure  oflf  along  AH  the  part  AB  containing  as  many 
inches  as  P  contains  pounds,  and  along  AK  the  part  AC  containing  as  many 
inches  as  Q  contains  pounds,  and  complete  the  parallelogram  ABCD,  it  will 
be  found  that  the  diagonal  AD  is  in  the  same  line  as  AL,  and  contains  as 
many  inches  as  R  weighs  pounds.  Consequently,  the  resultant  of  P  and  Q 
is  represented  by  AD.     Of  course,  any  other  units  of  length  and  force  mig' 


Fig.  8. 
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have  been  employed.  Now  it  will  be  found  that  when  P,  Q,  and  R  are 
changed  in  any  way  whatever,  consistent  with  equilibrium,  the  same  con- 
struction can  be  made, — the  point  A  will  have  different  positions  in  the 
different  cases  ;  but  when  equilibrium  is  established,  and  the  parallelogram 
ABCD  is  constructed,  it  will  be  found  that  AD  is  vertical,  and  contains  as 
many  units  of  length  as  R  contains  units  of  force,  and  consequently  it  repre- 
sents a  force  equal  and  opposite  to  R  ;  that  is,  it  represents  the  resultant  of 
P  and  Q. 

34.  XesfUtant  of  any  nnmber  of  forcos  aotlny  in  one  plane  on  a 
point. — Let  the  forces  P,  Q,  R,  S  (fig.  9)  act  on  the  point  A,  and  let  them 

be  represented  by  the  lines  AB,  AC,  AD,  AE,  as 
shown  in  the  figure.  First,  complete  the  parallelo- 
gram ABFC  and  join  AF  ;  this  line  represents  the' 
resultant  of  P  and  Q.  Secondly,  complete  the 
parallelogram  AFGD  and  join  AG ;  this  line  re- 
presents the  resultant  of  P,  Q,  R.  Thirdly,  com- 
plete the  parallelogram  ACHE  and  join  AH  ;  this 
line  represents  the  resultant  of  P,  Q,  R,  S.  It  is 
manifest  that  the  construction  can  be  extended  to 
any  number  of  forces.  A  little  consideration  will 
show  that  the  line  AH  might  be  determined  by 
the  following  construction  :^-Through  B  draw  BF 
parallel  to,  equal  to,  and  towards  the  same  part  as  AC ;  through  F  draw 
FG  parallel  to,  equal  to,  and  towards  the  same  part  as  AD  ;  through  G  draw 
GH  parallel  to,  equal  to,  and  towards  the  same  part  as  AE  ;  join  AH,  then 
AH  represents  the  required  resultant. 

In  place  of  the  above  construction,  the  resultant  can  be  determined  by 
calculation  in  the  following  manner  : — Through  A  draw  any  two  rectangular 
axes  AX  and  AY  (fig.  10),  and  let  a,  /3,  y  be  the  angles  made  with  the  axis 
AX  by  the  lines  representing  the  pressures,  then  P,  Q,  R  can  be  resolved 

into  Pcosa,  Qcos^,  Rcosy,  acting  along  AX,  and 
P  sin  a,  Q  sin  /3,  R  sin  y,  acting  along  AY.  Now  the 
foi-mer  set  of  forces  can  be  reduced  to  a  single  force 
X  by  addition,  attention  being  paid  to  the  sign  of  each 
component ;  and  in  like  manner  the  latter  forces  can 
be  reduced  to  a  single  force  Y,  that  is. 


Fig.  9. 
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X  =  P  COS  a  +  Q  COS  /3  +  R  cos  y  +   .  .  . 
Y«Psina  +  Qsin/3  +  Rsiny+   .  .  . 

Since  the  addition  denotes  the  algebraical  sum  of  the 
quantities  on  the  right-hand  side  of  the  equations,  both  sign  and  magnitude 
of  X  and  Y  are  known.  Suppose  U  to  denote  the  required  resultant  and  <^ 
the  angle  made,  by  the  line  representing  it,  with  the  axis  AX ; 

then  U  COS  <^  =  X,  and  U  sin  <^  ■■  Y. 

These  equations  give  U' «  X'^  +  Y*,  which  determines  the  magnitude  of  the 
resultant,  and  then,  since  both  sin  <^  and  cos  <f>  are  known,  <^  is  determined 
without  ambiguity. 

Thus  let  P,  Q,  and  R  be  forces  of  100,  150,  and  120  units,  respectively, 
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and  suppose  XAP,  XAQ,  and  XAR  to  be  angles  of  45**,  120®,  and  210®  re- 
spectively. Then  their  components  along  Ax  are  707,  — 75,— 103*9,  and 
their  components  along  AY  are  707,+  129-9,— 60.  The  sums  of  these  two 
sets  being  respectively- 108 -2  and  140*6,  we  have  U  cos  ^=— io8*2  and 
U  sin  <^->  140-6; 
therefore  U*  -  (io8-2)«  +  (i40-6)« 

or  U  - 177*4 

hence  I77*4  cos  <^  -  —  io8*2,  and  177-4  sin  <^  - 104*6. 

If  we  made  use  of  the  former  of  these  equations  only,  we  should  obtain  <f> 
equal  to  232®  25',  or  127**  35',  and  the  result  would  be  ambiguous  :  in  like 
manner,  if  we  determine  <^  from  the  second  equation  only,  we  should  have 
^  equal  to  52°  25',  or  127®  35' ;  but  as  we  have  both  equations,  we  know  that 
^  equals  127°  35',  and  consequently  the  force  U  is  completely  determined  as 
indicated  by  the  dotted  line  AU. 

35.  OoBditloiiB  Of  eonllilMiiim  of  any  forces  actinff  in  one  plane 
on  a  point. — If  the  resultant  of  the  forces  is  zero,  they  have  no  joint 
tendency  to  move  the  point,  and  consequently  are  in  equilibrium.  This 
obvious  principle  enables  us  to  deduce  the  following  constructions  and 
equations,  which  serve  to  ascertain  whether  given  forces  will  keep  a  point  at 
rest. 

Suppose  that  in  the  case  represented  in  fig.  9,  T  is  the  force  which  will 
balance  P,  Q,  R,  S.  It  is  clear  that  T  must  act  on  A  along  H  A  produced, 
and  in  magnitude  must  be  proportional  to  H  A ;  for  then  the  resultant  of 
the  fi\'t  forces  will  equal  zero,  since  the  broken  line  ABFGHA  returns  to  the 
point  A.  This  construction  is  plainly  equivalent  to  the  following :  Let  P,  Q, 
R  {^^.  11)  be  forces  acting  on  the  point  O,  as  indicated,  their  magnitudes 
and  directions  being  given.  It  is 
known  that  they  are  balanced  by  a 
fourth  force,  S,  and  it  is  required  to 
determine  the  magnitude  and  di- 
rection of  S.  Take  any  point  D, 
and  draw  any  line  parallel  to  and 
towards  the  same  part  as  OP,  draw 
AB  parallel  to  and  towards  the 
same  part  as  OQ,  and  take  AB 
such  that  P  :  Q  ::  DA  :  A  B. 
Through  B  draw  BC  parallel  to 
and  towards  the  same  part  as  OR, 
taking  BC  such  that  Q  :  R::AB  :  BC  ;  join  CD  ;  through  O  draw  OS 
parallel  to  and  towards  the  same  part  as  CD,  then  the  required  force  acts 
along  OS,  and  is  in  magnitude  proportional  to  CD. 

It  is  to  be  observed  that  this  construction  can  be  extended  to  any  num- 
ber of  forces,  and  will  apply  to  the  case  in  which  these  directions  are  not 
in  one  plane,  only  in  this  case  the  broken  line  ABCD  would  not  lie  wholly 
in  one  plane.     The  above  construction  is  frequently  called  the  Polygon  of 
Forces. 

The  case  of  three  forces  acting  on  a  point  is,  of  course,  included  ' 
abo\'e  ;  but  its  importance  is  such  that  we  may  give  a  separate  state 
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it.  Let  P,  Q,  R  (fig.  12)  be  three  forces  in  equilibrium  on  the  point  O.  From 
any  point  B  draw  BC  parallel  to  and  towards  the  same  part  OP,  from  C 
draw  CA  parallel  to  and  towards  the  same  part  as  OQ,  and  take  CA  such 
that  P  ;  Q ::  BC  :  CA  ;  then,  on  joining  AB,  the  third  force  R  must  act  along 
OR  parallel  to  and  towards  the  same  part  as  AB,  and  must  be  proportional 
in  magnitude  to  AB.  This  construction  is  frequently  called  the  Triangle  of 
Forces.  It  is  evident  that  while  the  sides  of  the  triangle  are  severally  pro- 
portional to  P,  Q,  R,  the  angles  A,  B,  C  are  supplementary  to  QOR,  ROP, 
POQ  respectively;  consequently,  every  trigonometrical  relation  existing 
between  the  sides  and  angles  of  ABC  will  equally  exist  between  the  forces 
P,  Q,  R,  and  the  supplements  of  the  angles  between  their  directions.  Thus 
in  the  triangle  ABC  it  is  known  that  the  sides  are  proportional  to  the  sines 
of  the  opposite  angles  ;  now,  since  the  sines  of  the  angles  are  equal  to  the 
sines  of  their  supplements,  we  at  once  conclude  that  when  three  forces  are  in 
equilibrium,  each  is  proportional  to  the  sine  of  the  angle  between  the  directions 
of  the  other  two. 

We  can  easily  obtain  from  the  equations  which  determine  the  resultant 
of  any  number  of  forces  (34)  equations  which  express  the  conditions  of  equi- 
librium of  any  number  of  forces  acting  in  one  plane  on  a  point ;  in  fact,  if  U 
-  o  we  must  have  X  «  o  and  Y  =  o ;  that  is  to  say,  the  required  conditions  of 
equilibrium  are  these  : — 

o  -  P  cos  a  +  Q  cos  /3  +  R  cos  y  + . . . 
and  o  «  P  sin  a  +  Q  sin  /3  +  R  sin  y  + .  .  . 

The  first  of  these  equations  shows  that  no  part  of  the  motion  of  the  point  can 
take  place  along  Ax,  the  second  that  no  part  can  take  place  along  Ay.  In 
other  words,  the  point  cannot  move  at  all. 

36.  Compositloii  and  resolmtioB  of  parallel  flMroes. — The  case  of  the 
equilibrium  of  three  parallel  forces  is  merely  a  particular  case  of  the  equili- 
brium of  three  forces  acting  on  a  point     In  fact,  let  P 
and  Q  be  two  forces  whose  directions  pass  through  the 
points  A  and  B,  and  intersect  in  O  ;  let  them  be  balanced 
by  a  third  force  R  whose  direction  produced  intersects 
the  line  AB  in  C.     Now  suppose  the  point  O  to  move 
along  AO,  gradually  receding  from  A,  the  magnitude  and 
direction  of  R  will  continually  change,  and  also  the  point 
C  will  continually  change  its  position,  but  will  always  lie 
between  A  and  B.     In  the  limit  P  and  Q  become  parallel 
forces,  acting  towards  the  same  part  balanced  by  a  parallel 
force  R  acting  towards  the  contrary  part  through  a  point 
X  between  A  and  B.     The  question  is  : — First,  on  this 
limiting  case  what  is  the  value  of  R ;  secondly,  what  is 
Now  with  regard  to  the  first  point  it  is  plain  that  if  a 
triangle  abc  were  drawn  as  in  art.  35,  the  angles  a  and  b  in  the  limit  will 
vanish,  and  c  will  become  1 80°,  consequently  ab  ultimately  equals  ac-^  cb\ 

or  R  =  P  +  Q. 

With  regard  to  the  second  point  it  is  plain  that 

OC  sin  POR  -  OC  sin  AOC  -  AC  sin  CAO 
and  OC  sin  ROQ  -  OC  sin  BOC  -  CB 


Fig.  13. 

the  position  of  X  } 
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tlierefore        AC  sin  CAO  :  CB  sin  CBO  ::sin  POR  :  sin  ROQ 

::Q:P(35). 

Now  in  the  limit,  when  OA  and  OB  become  parallel,  OAB  and  OB  A 
become  supplementary ;  that  is,  their  sines  become  equal ;  also  AC  and  CB 
become  respectively  AX  and  XB  ;  consequently 

AX:XB::Q:  P, 

a  proportion  which  determines  the  position  of  X.  This  theorem  at  once 
leiids  to  the  rules  for  the  composition  of  any  two  parallel  forces,  viz. — 

I.  When  two  parallel  forces  P  and  Q  act  towards  the  same  part,  at  rigidly 
coimected  points  A  and  B,  their  resultant  is  a  parallel  force  acting  towards 
the  same  part,  equal  to  their  sum,  and  its  direction  divides  the  line  A  B  into 
two  parts  AC  and  CB  inversely  proportional  to  the  forces  P  and  Q. 

IL  When  two  parallel  forces  P  and  Q  act  towards  contrary  parts  at 
rigidly  connected  points  A  and  B,  of  which  P  is  the  g^reater,  their  resultant 
is  a  parallel  force  acting  towards  the  same  part  as  P,  equal  to  the  excess  ot 
P  over  Q,  and  its  direction  divides  B  A  produced  in  a  point  C  such  that  C  A 
and  C  B  are  inversely  proportional  to  P  and  Q. 

In  each  of  the  above  cases  if  we  were  to  apply  R  at  the  point  C,  in  opposite 
directions  to  those  shown  in  the  figure,  it  would  plainly  (by  the  above  theorem) 


/ 


7 


Fig.  14-  fig-  »5. 

balance  P  and  Q,  and  therefore  when  it  acts  as  shown  in  figs.  14  and  15  it  is 
the  resultant  of  P  and  Q  in  those  cases  respectively.  It  will,  of  course, 
follow  that  the  force  R  acting  at  C  can  be  resolved  into  P  and  Q  acting  at 
A  and  B  respectively. 

If  the  second  of  the  above  theorems  be  examined,  it  will  be  found  that 
DO  force  R  exists  equivalent  to  P  and  Q  when  these  forces  are  equal.  Two 
such  forces  constitute  a  couple^  which  may  be  defined  to  be  two  equal 
parallel  forces  acting  towards  contrary  parts  ;  they  possess  the  remarkable 
property  that  they  are  incapable  of  being  balanced  by  any  single  force  what- 

soe^er. 

In  the  case  of  more  than  two  parallel  forces  the  resultant  of  any  two  can 
be  found,  then  of  that  and  a  third,  and  so  on  to  any  number  ;  it  can  be  shown 
that  however  great  the  number  of  forces  they  will  either  be  in  equilibrium  or 
will  reduce  to  a  single  resultant  or  to  a  couple. 

37.  Ceatrw  of  r^nOlel  fproes.— On  referring  to  figs.  14  and  i  $,  i* 
remarked  that  if  we  conceive  the  points  A  and  B  to  be  fixed  in  the  c 
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AP  and  BQ  of  the  forces  P  and  Q,  and  if  we  suppose  those  directions  to  be 
turned  round  A  and  B,  so  as  to  continue  parallel  and  to  make  any  given 
angles  with  their  original  directions,  then  the  direction  of  their  resultant  will 
continue  to  pass  through  C  ;  that  point  is  therefore  called  the  centre  of  the 
parallel  forces  P  and  Q. 

It  appears  from  investigation,  that  whenever  a  system  of  parallel  forces 
reduces  to  a  single  resultant,  those  forces  will  have  a  centre ;  that  is  to  say, 
if  we  conceive  each  of  the  forces  to  act  at  a  fixed  point,  there  will  be  a  point 
through  which  the  direction  of  their  resultant  will  pass  when  the  directions 
of  the  forces  are  turned  through  any  equal  angles  round  their  points  of  appli- 
cation in  such  a  manner  as  to  retain  the  parallelism  of  their  directions. 

The  most  familiar  example  of  a  centre  of  parallel  forces  is  the  case  in 
which  the  forces  are  the  weights  of  the  parts  of  a  body ;  in  this  case  the 
forces  all  acting  towards  the  same  part  will  have  a  resultant,  viz.  their  sum  ; 
and  their  centre  is  called  the  centre  of  gravity  of  the  body. 

38.  acoments  of  forces. — Let  P  (fig.  16)  denote  any  force  acting  from  B 
to  P,  take  A  any  point,  let  fall  AN  a  perpendicular  from  A  on  BP.  The 
product  of  the  number  of  units  of  force  in  P,  and  the  number  of  units  of 
length  in  AN,  is  called  the  moment  of  P  with  respect  to  A.  Since  the  force 
P  can  be  represented  by  a  straight  line,  the  moment  of  P  can  be  represented 
by  an  area.  In  fact,  if  BC  is  the  line  representing  P,  the  moment  is  properly 
represented  by  twice  the  area  of  the  triangle  ABC.  The  perpendicular  AN 
is  sometimes  called  the  arm  of  the  pressure.  Now  if  a  watch  were  placed 
with  its  face  upwards  on  the  paper,  the  force  P  would  cause  the  arm  AN  to 

turn  round  A  in  the  contrary  direction  to  the  hands  of  the 
watch.  Under  these  circumstances,  it  is  usual  to  con- 
sider the  moment  of  P  with  respect  to  the  point  A  to  be 
positive.  If  P  acted  from  C  to  B,  it  would  turn  NA  in 
the  sante  direction  as  the  hands  of  the  watch,  and  now  its 
moment  is  reckoned  negative. 

The  following  remarkable  relation  exists  between  any 
forces  acting  in  one  plane  on  a  body  and  their  resultant. 

Take  the  moments  of  the  forces  and  of  their  resultant  with  respecct  to  any 

one  point  in  the  plane.     Then  the  moment  of  the  resultant  equals  the  sum 

of  the  moments  of  the  several  forces,  regard  being  had  to  the  signs  of  the 

moments. 

If  the  point  about  which  the  moments  are  measured  be  taken  in  the 

direction  of  the  resultant,  its  moment  with  respect  to  that  point  will  be  zero  ; 

and  consequently  the  sum  of  the  moments  with  respect  to  such  point  will  be 

zero. 

39.  Sqaality  of  aoUon  and  reaotlon. — We  will  proceed  to  exemplify 
some  of  the  principles  now  laid  down  by  investigating  the  conditions  of 
equilibrium  of  bodies  in  a  few  simple  cases ;  but  before  doing  so  we  must 
notice  a  law  which  holds  good  whenever  a  mutual  action  is  called  into  play 
between  two  bodies.  Reaction  is  always  equal  and  contrary  to  action;  that 
is  to  say,  the  mutual  actions  of  two  bodies  on  each  other  are  always  forces 
equal  in  amount  and  opposite  in  direction.  This  law  is  perfectly  general, 
and  is  equally  true  when  the  bodies  are  in  motion  as  well  as  when  they  are 
at  rest.    A  very  instructive  example  of  this  law  has  already  been  given  {"^t^. 
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in  which  the  action  on  the  spring  CD  i^icig.  7)  is  the  weight  W  transmitted 
by  the  spring  to  C,  and  balanced  by  the  reaction  of  the  ground  transmitted 
from  B  to  D.  Under  these  circumstances  the  spring  is  said  to  be  stretched 
by  a  force  W.  If  the  spring  were  removed,  and  the  thread  were  continuous 
from  A  to  B,  it  is  clear  that  any  part  of  it  is  stretched  by  two  equal  forces 
viz.  an  action  and  reaction,  each  equal  to  W,  and  the  thread  is  said  to  sustain 
a  tension  W.  When  a  body  is  urged  along  a  smooth  surface,  the  mutual 
aaion  can  only  take  place  along  the  common  perpendicular  at  the  point  of 
contact.  If,  however,  the  bodies  are  rough,  this  restriction  is  partially  re- 
moved, and  now  the  mutual  action  can  take  place  in  any  direction  not 
making  an  angle  greater  than  some  determinate  angle  with  the  common 
perpendicular.  This  determinate  angle  has  different  values  for  different 
substances,  and  is  sometimes  called  the  limiting  angle  of  resistance^  some- 
times the  angle  of  repose, 

4a  Tlie  lever  is  a  name  given  to  any  bar  straight  or  cur\'ed,  AR  (fig.  17) 
resting  on  a  fixed  point  or  edge  c  called  iYi^  fulcrum.  The  forces  acting  on 
the  lever  are  the  weight  ox  resistance  Q,the 
power  P,  and  the  reaction  of  the  fulcrum. 
Since  these  are  in  equilibrium,  the  resultant 
of  P  and  Q  must  act  through  ^,  for  other- 
wise they  could  not  be  balanced  by  the  re- 
action. Draw  cb  at  right  angles  to  QB  and 
ia  to  PA  produced ;  then  observing  that 
P  X  ca^  and  C^^cb  are  the  moments  of  P  and 
Q  with  respect  to  c,  and  that  they  have  con- 
trary signs,  we  have  by  (38), 

P  X  ra  -  Q  X  r^ ; 

an  equation  commonly  expressed  by  the 
rule,  that  in  the  lever  the  power  is  to  the 
weight  in  the  inverse  ratio  of  their  an/is. 

Levers  are  divided  into  three  kinds,  ac- 
cording to  the  position  of  the  fulcrum  with  respect  to  the  points  of  applica- 
tion of  the  power  and  the  weight.  In  a  lever  of  the  first  kind  the  fulcrum  is 
between  the  power  and  resistance,  as  in  fig.  17,  and  as  in  a  poker  and  in  the 
common  steelyard;  a  pair  of  scissors  and  a  carpenter's  pincers  are  double 
levers  of  this  kind.  In  a  le%'erof  the  second  kind  ih^  resistance  is  between 
the  power  and  the  fulcrum,  as  in  a  wheelbarrow,  or  a  pair  of  nutcrackers,  or 
a  door  ;  in  a  lever  of  tlu  third  kind  iki^  power  is  between  the  fulcrum  and  the 
resistance,  as  in  a  pair  of  tongs  or  the  treadle  of  a  lathe. 

41.  Ynlleys. — The  pulley  is  a  hard  circular  disc  of  wood  or  of  metal,  in 
the  edge  of  which  is  a  groove,  and  which  can  turn  freely  on  an  axis  in  the 
centre.  Pulleys  are  either  yliy^/,  as  in  fig.  18,  where  the  stirrup  or  fork  is 
rijfidly  connected  with  some  immovable  body,  and  where  the  axis  rotates  in 
the  stirrup  ;  or  it  may  be  movable,  as  in  fig.  19,  where  the  axis  is  fixed  to 
the  fork,  and  it  passes  through  a  hole  in  the  centre  of  the  disc.  The  rope 
which  passes  round  the  pulley  in  fig.  18,  supports  a  weight  at  one  end  ;  while 
at  the  other  a  pull  is  applied  to  hold  this  weight  in  equilibrium. 


Fig.  17. 
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We  may  look  upon  the  power  and  the  resistance  as  acting  at  the  circu 
ference  of  the  circle  ;  hence  as  the  radii  are  equal,  if  we  consider  the  pul 
as  a  lever,  the  two  ar 
>  are  equal,  and  equilibrii 
will  prevail  when  the  po* 
and  the  resistance  are  eqi 
The  fixed  pulley  affords  tl 
no    mechanical    advanta 

changing  the  direction  of  i 
application  of  a  force. 

In  the  case  of  the  m' 
able  pulley  the  one  end 
the  rope  is  suspended  t< 
fixed  point  in  a  beam,  s 
the  weight  is  attached  to  i 
:hich    the  pul 


The  t 


of 


rope  is  everywhere  the  si 
one  portion  of  the  weight 
supported  by  the  fixed  p 
and  the  other  by  the  power,  and  these  are  equal  to  each  other,  and  . 
together  equal  to  the  weight,  including  the  pulley  itself;  hence  in  this  c: 
p.  JQ. 

If  several  pulleys  are  joined  together  on  a  common  axis  in  a  spe< 
sheath,  which  is  fixed,  and  a  rope  passes  round  all  those  and  also  roum 
similar  but  movable  combination  of  pulleys,  such  an  arrangement,  whict 
represented  in  fig.  30,  is  called  a  Mock  and  tackle. 

If  we  consider  the  condition  of  the  rope  it  will  be  found  to  have  eve 
where  the  same  tension  ;  the  weight  Q  which  is  attached  to  the  h( 
common  to  the  whole  system  is  supported  by  the  six  portions  of  the  r0[ 
hence  each  of  these  portions  will  sustain  one  sixth  of  the  weight ;  the  fo 
which  is  applied  at  the  free  end  of  the  rope  which  passes  over  the  up| 
pulley,  and  which  determines  the  tension,  will  have  the  same  value  ;  tha 
to  say,  it  will  support  one  sixth  of  the  weight. 

The  relation  between  power  and  resistance  in  a  block  and  tackle 
expressed  by  the  equation  P  — ^,  in  which  P  is  the  power,  Q  the  weig 
and  n  the  number  of  cords  by  which  the  weight  is  supported. 

42.  Tiic  wbaei  ana  axis. — The  older  form  of  this  machine,  fig.  31 
that  of  an  axle,  to  which  is  rigidly  fixed,  concentric  with  it,  a  wheel  of  lar 
diameter.  The  power  is  applied  tangentially  on  the  wheel,  and  the  resistai 
tangentially  to  the  axle,  as  for  instance  in  the  treadmill  and  waier-whi 
Sometimes,  as  in  the  case  of  the  capstan,  the  power  is  applied  to  spo' 
fixed  in  the  axle,  which  represent  semi^liameters  of  the  wheel ;  in  ot 
cases,  as  in  the  windlass,  the  handle  is  rigidly  fixed  to  the  axis. 

In  all  its  modifications  we  may  regard  the  wheel  and  axle  as  an  appli 


1  of  the  lever,  the  a 
respectively  ;  and  in  all 


9  of  which  are  the  radii  of  the  wheel 
s  equilibrium  exists  where  the  powe 


ind  a 
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resistance  as  the  radi 
iig.  31,  F:  Q_~ad-.a, 

Frequent  appli 
which  the  motion  of  one 
•heel  is  transinilted  to  an- 
other, either  by  means  of 
teeth  tilting  in  each  other 
on  the  circumference  of  the 
vheels,  as  in  fig.  23,  or  by 
means  of  bands  passinc;  ovet 
the  two  wheels,  as  in  the 
illustration  of  Ladd's  Mag- 
neto.ElectricalMachine(see 
Book  viii.}. 

In  tig.  32,  which  repre- 
MOts  the  essential  parts  of  a 
crab  winch,  in  order  to  raise 
the  weight  Q  a  power/  must 
be  applied  at  the  circumfe- 
TCQce  of  the  wheel  such  that 


V//teel  and  Axle. 
of  the  axle  is  to  the  radiu; 
of  wheels  of  different  diameters  are  met  with  ij 


of  the  wheel.    TTius  i 
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which  r  and  R 


are  the  radii  of  the  axle  6 
and  of  the  toothed  wheel  a 
respectively. 

The  rotation  of  the  wheel 
t  is  effected  by  means  of  the 
smaller  wheel  c  or  crab,  the 
teeth  of  which  tit  in  those  of 
1.  But  if  this  wheel  c  is  to 
exert  at  its  circumference  a 
power /♦,  the  power  P  which 
is  applied  at  the  end  of 
the  handle  must  be  P  =  ^,/, 


1  which  r'  is  the  radius  of  c,  R'  the  length  o 


ir  at  the  end  of  which  P  acts,  and  consequently 


The  radius  of  the  wheel  c  is  to  that  of  the  wheel  a  as  their  respective  cir- 
cumferences ;  and,  as  the  teeth  of  each  are  of  the  same  size,  the  circum- 
ferences will  be  as  the  number  of  teeth. 

Trains  of  wheelwork  are  used,  not  only  in  raising  great  weights  by  the 
"trtion  of  -i  small  power  ;  as  in  screw  jacks,  cranes,  crab  winches,  &c.,  but 
ilsn  in  cli>ck  and  watch  works,  and  in  cases  in  which  changes  in  velocity  or 
in  power  or  even  in  direction  are  required.  Numerous  examples  will  he  met 
'     s  apparatus  described  in  this  work. 
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;;:e  inclined  plane  r.-.Ay 

.    .  .M.-.itus  represented  i:; 

V  't'hard  wood  hinged  a: 

.m.^lc -T  aj^'iiinst  the  ar:- 

.  „  ...    j-pport,  by  wliich  a:  the 

.   ve  the  an;;le  can  be  nie^i- 

■  .  .    :  is  a  cylindriral  roller,  :  i 

.     :v:>  of  whirh    is    attached  ;i 

■..:  passing;  over  a  pulley  to  a 

\.  .  .'-pan  \*. 
'.'.  is  thus  easy  to  ascertain  by 
.'  J-:  e\|)crinicnts  what  weijjh:> 
".<  ::vjst  be  placed  in  the  pan  I'  in 
.ivier  in  balance  a  roller  of  any 
J<r  .,■.•.  en  weight,   or   to   cause    it  :> 

:r.ove  with  a  ;,'iven  anj;le  of  incli- 
nation. 

The    line    RS    represents    the 

.    ^r  inclined  plane. 

:".::::«>ns  of  equilibrium  we  have  a  usefi:'. 

•:.es.     Let  the  line  (i/\  \v^.  23,  rc])re-cn: 

.    .  -0  cylinder  exerts  ar.tin;;  vertically  doun- 

.  ,.v     -lo  two  others:  one,////,  actinic  at  rii^ht 

V  •:05entin<L;  the  pressure  whirh  the  wei;,^h: 

■:;h  is  counterbalanred  by  the  reaction  of 

.  -.•■.:>  the  component  whi(  h  tends  to  move  the 

'  -  .-.imponent  has  to  be  held  in  equilibrium  by 

x. :::'..;  in  the  oi)po?.ite  direction. 

.".'..it  the  triangle  abc  is  similar  to  the  trian-le 

:x\\^  ./f'  are  in  the  same  proportion  a.->  the  side? 

•.■    •.■  represents  the  power,  and  the  line  ob  the 

S  r  :  SR  -  V  :  \V  ; 
....  '.♦■.i:u\  equilibrium  obtains  Tt'/ztv/  //te  poiccr  /.»  i,.  the 
.  iK.'Jned  plane  to  its  lefii^t/i. 

X  ::io  sine  i>f  the  anj^de  .r,  we  may  also  stale  the  prin- 


V  =  \V  sin  .r. 

,•    .  .;  :  iM-  !h\  whi(.h  re|)resenis  the  actual  pre^>urc  a^^ainsi 

. .-  \V  cos  .r  :  that  is,  the  |)ressure  a^^'linst  the  plane  is  to 

0   M^o  is  to  the  len;^nh  of  the  inclined  plane. 

. ,  .  .-.M-  it  has  been  <:f)nsidered  that  the  power  acts  parallel  to 

I:  may  be  a])plied  so  as  to  a^t  horizontally.     It  will  then 

.;   :4  that  the  \\ei>;ht  \V  may  be  decomposed  into  two  force>, 

■•.  .u'ts  at  rijj;ht  angles  to  the  plane,  and  the  other. /7t-,  parallel 

:;  1^  this  latter  whi(  h  is  to  be  kept  in  ecjuilibrium  by  the  jxnver. 

'.■/.arity  of  the  two  trian^des  (ul>  and  STR,  ne  :  Oe  -  ST  :  TR 

is  equal  to  W,  and  ac  is  equal  to  \\  hence  the  power  which 
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must  be  applied  at  b  to  hold  the  weight  W  in  equilibrium  is  as  the  height 
of  the  inclined  plane  is  to  the  base,  or  as  the  tangent  of  the  angle  of  inclina- 
tion X ;  that  is,  P  -  W  tan  x.     The  pressure  upon  the  plane  in  this  case  may 

^e  easily  shown  to  be  ab 


that 


cos  X 


l^ 


w 


Fig.  24. 


This  is  sometimes  called 

(  ')S  X 

the  relatix'e  weight  on  the  plane. 

If  the  force  P  which  is  to  counter- 
balance W  is  not  parallel  to  the  plane, 
but  forms  an  angle,  E,  with  it,  this 
force  can  be  decomposed  into  one 
which  is  parallel  to  it,  and  one  which 
i>  at  right  angles.     Of  these  only  the  first  is  operative,  and  is  equal  to  P  cos  E. 

In  most  cases  of  the  use  of  the  inclined  plane,  such  as  in  moving  carriages 
and  waggons  along  roads,  in  raising  casks  into  waggons  or  warehouses,  the 
power  is  applied  parallel  to  the  inclined  plane.  An  instance  of  a  case  in 
which  a  force  acts  parallel  to  the  base  is  met  with  in  the  screw. 

•  Owing  to  the  unevenness  of  the  surfaces  in  actual  use,  the  laws  of  equili- 
brium and  of  motion  on  an  inclined  plane  undergo  modification.  The/rrV- 
tion^  for  instance,  which  comes  into  play  amounts  on  ordinary  roads  to  from 
i'-;  to  aV,^  and  on  railways  to  from  j-J^  to  -^^  of  the  relative  weight.  This  must 
be  looked  upon  as  a  hindrance  to  be  continually  overcome,  and  must  be 
deducted  from  the  force  required  to  keep  a  body  from  falling  down  an 
inclined  plane,  or  must  be  added  to  it  in  the  case  in  which  a  body  is  to  be 
moved  up  the  plane.  Hence  the  use  of  the  inclined  plane  in  unloading  heavy 
casks  into  cellars,  &c. 

A  body  on  an  inclined  plane  which  cannot  rotate  does  not  move  provided 
the  inclination  is  below  a  certain  amount  (39).  The  determination  of  this 
limiting  angle  of  resistance^  at  which  a  body  on  an  inclined  plane  just  begins 
to  move,  may  serve  as  a  rough  illustration  of  a  mode  of  ascertaining  the 
'coefiicient  of  friction.' 

For  in  the  case  in  which  the  power  is  applied  parallel  to  the  plane,  the 
component  of  the  weight  which  presses  against  the  plane  or  the  actual  load, 
L  is  W  cos  X ;  and  the  component  which  tends  to  move  the  body  down  the 
plane  is  equal  to  W  sin  .r.     If  the  friction,  R,  is  just  sufficient  to  hold  this  in 

equilibrium,  the  coeflficient  of  friction  will  be  -  -  — tan  x, 

L     W  cos  X 

Thus  if  we  place  on  the  plane  a  block  of  the  same  material,  by  gradually 
increasing  the  inclination  it  will  begin  to  move  at  a  certain  angle,  which  will 
depend  on  the  nature  of  the  material ;  this  angle  is  the  limiting  angle  of 
rt-isunce,  and  its  tangent  is  the  coefficient  of  friction  for  that  material. 

44.  Tbe  'Wedfe. — The  ordinary  form  of  the  wedge  is  that  of  a  three- 
iided  prism  of  iron  or  steel,  one  of  whose  angles  is  very  acute.  Its  most 
frequent  use  is  in  splitting  stone,  timber,  &c.  Fig.  25  represents  in  section 
the  application  of  the  wedge  to  this  purpose.  The  side  ab  is  the  back^  the 
vcncx  of  the  angle  acb  which  the  two  faces  ac  and  be  make  with  ea'***  -*».-»r 
represents  the  edge^  and  the  faces  ac  and  be  the  sides  of  the  we 
po«-er  P  is  usually  applied  at  right  angles  to  the  back ;  and  we 
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upon  the  cohesion  between  the  fibres  of  the  wood  as  representing  the  resist- 
ance to  be  overcome ;  as  corresponding  to  what  in  other  machines  is  the 
weight.  Suppose  this  lo  act  at  right  angles  to  the  two 
faces  of  the  wedge,  and  to  be  represented  by  the  lines 
feaaAge;  complete  the  parallelogram  gef,  then  the 
diagonal  he  will  represent  the  resultant  of  the  reaction 
of  the  fibres  tending  to  force  the  wedge  out ;  the  force 
which  must  be  applied  to  hold  this  wedge  in  equili- 
brium must  therefore  be  equal  to  eh.  tiovf  efh  is 
similar  to  the  triangle  acb,  therefore  ab  .  ac-eh  :  ef\ 
biit  these  lines  represent  the  pressure  applied  at  the 
back  of  the  wedge,  and  the  pressure  on  the  face  ac, 
hence  if  P  represent  the  former  and  Q  the  latter, 
there  is  equilibrium  when  P  ;  Qcai  :  #<:,  that  is, 
when  the  power  is  to  the  resistance  in  the  same  ratio 
as  the  back  of  the  wedge  bears  to  one  of  the  sides. 
The  relation  between  power  and  resistance  is  more 
favourable  the  sharper  the  edge,  that  is,  the  snialler 
the  angle  which  the  sides  make  with  each  other. 
*^is-  'S'  The  action  of  all  sharp  cutting  instruments,  such 

as  chisels,  knives,  scissors,  &c.,  depends  on  the  principle  of  the  wedge.  It 
is  also  applied  when  very  heavy  weights  are  to  be  raised  through  a  short 
distance,  as  in  launching  ships,  and  in  bracing  columns  and  walls  to  the 
perpendicular. 

4S-  Til*  SorAw.— Let  us  suppose  a  piece  of  paper  in  the  shape  of  a 
right-angled  triangle  aee"  be  applied  with  its  vertical  side  aife'  against  a 
cylinder,  and  parallel  to  the  axis,  and  be  wrapped  round  the  cylinder ;  the 
hypotenuse  will  describe  a  screw  line  or  heli.v  on  the  surface  of  the  cylinder 


(fig.  26);  the  points  abcde  will  occupy  the  positions  respectively  ab' 
(f  it  e'.  If  the  dimensions  be  so  chosen  that  the  base  of  the  triangle  a' 
is  equal  to  the  circumference  of  the  cylinder, 
then  the  hypotenuse  aic  becomes  an  inchned 
plane  traced  on  the  surface  of  the  cylinder;  the 
distance  ac"  being  the  height  of  the  plane. 

An  ordinary  screw  consists  of  an  elevation 

on  a  solid  cylinder ;  this  elevation  may  be  either 

square,  as  in  fig.  37,  or  acute,  and  such  screws  are  called  square  or  sharp 


in  fig.  27,  c 

irdingly. 

When  a  corresponding  groove  is  cl 
le  diameter  as  the  boll,  this  gives  ri 
vut,  lig,  28. 


n  the  hollow  cylinder  or  nut  of  the 
to  an  internal  or  companion  screw 
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'  vertical  distance  between  any  two  threads  of  a  screw  measured 
the  axis  is  called  iht  pitchy  and  the  angle  ace'  or  aee'  is  called  the 
■  :hc  screw. 

I  raised  screw  is  used  with  its  companion  in  such  a  manner 

'  'f  the  one  fit  into,  and  coincide  with,  the  depressions  of 

i<:  a  modification  of  the  inclined  plane,  and  the  condi- 

.!:••  those  which  obtain  in  the  case  of  the  plane.     The 

-  t  itiior  a  weij^ht  to  be  raised  or  a  pressure  to  be  exerted, 

I  "1.  of  tlic  vertical,  and  the  power  acts  parallel  to  the  base  ; 

I .  I    I '  :  K  =  //  :  <^,  and  the  length  of  the  base  is  the  circumference 

.  ^  i- :  wlienrc  P  :  R  - //  ;  2rrr;  r  being  the  radius  of  the  cylinder, 

■iv  li  of  the  screw. 

■ « r  is  usually  applied  to  the  screw  by  means  of  a  lever,  as  in  the 

:     press,  &(:.,  and  the  principle  of  the  screw  may  be  stated  to  be 

I  .;   tii.it  the  power  of  the  screw  is  to  the  resistance  in  the  same  ratio 

'/  "f  ilie  pitch  of  the  screw  to  the  circumference  of  the  circle  through 

'■•  \\\c  power  acts. 

-' .  Virtual  Velocity. — If  the  point  of  application  of  a  force  be  slightly 
>;''a.c(l,  the  resolved  part  of  the  displacement  in  the  direction  of  the  force 
'^  t(  nned  the  virtual  velocity  of  the  force^  and  is  considered  as  positive  or 
^<^ft'ative,  according  as  it  is  in  the  same  direction  as  the  force,  or  in  the 
"pp<»bite  direction.  Thus,  in  fig.  29  let  the  point  of 
application  A  of  the  force  P  be  displaced  to  A',  and 
Jraw  A'tf  perpendicular  to  AP.  Then  Ka  is  the  virtual 
velocity  of  the  force  P,  and  being,  in  this  case,  in  the 
<iircction  of  P,  is  to  be  considered  positive. 

The  principle  of  virtual  velocities  asserts  that  if  any 
niachinc  or  system  be  kept   in  equilibrium   by  any  Fig.iag. 

number  of  forces,  and  the  machine  or  system  then  re- 
ceive any  very  small  displacement,  the  algebraic  sum  of  the  products  formed 
by  multiplying  each  force  by  its  virtual  velocity  will  be  zero.  Of  course,  the 
displacement  of  the  machine  is  supposed  to  be  such  as  not  to  break  the 
connection  of  its  parts ;  thus  in  the  wheel  and  axle  the  only  possible  dis- 
placement is  to  turn  it  round  the  fixed  axle  ;  in  the  inclined  plane  the  weight 
must  still  continue  to  rest  on  the  plane  ;  in  the  various  systems  of  pulleys 
the  strings  must  still  continue  stretched,  and  must  not  alter  in  length,  &c. 

The  complete  proof  of  this  principle  is  beyond  the  scope  of  the  present 
vork,  but  we  may  easily  establish  its  truth  in  any  of  the  machines  we  have 
already  considered.     It  will  be  found  in  every  case  that,  if  the  machine 
receive  a  small  displacement,  the  virtual  velocities  of  P  and  W  will  be  of 
opposite  signs,  and  that,  neglecting  the  signs,  P  x  P's  virtual  velocity  «  W  x 
V\"s  virtual  velocity.     Thus,  to  take  the  case  of  a  bent  lever^  let  P  and  Q  be 
the  forces  acting  at  the  extremities  of  the  arms  of  the  bent  lever  A  FB  (fig.  30), 
and  let  the  lever  be  turned  slightly  round  its  fulcrum  F,  bringing  A  to  A',  and 
B  to  W,    Draw  A,'a  and  B'^  perpendicular  to  P  and  Q  respectively  ;  then  \a 
is  the  virtual  velocity  of  P,  and  B^  that  of  Q,  the  former  being  positive  and 
the  latter  negative.     Let  F/,  F^  be  the  perpendiculars  from  t'      '  ''*rum 
upon  P  and  Q,  or  what  we  have  called  (art.  40)  the  arms  of  P  a 
as  the  displacement  is  very  small,  the  angles  FAA',  FBB' will 
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•'i.^hf   -4rti^l4*<:  knd,  therefore,  the  right-angled  triangles  AeiA',  B^B'  will 
i*;»»us^i/riy    Ti^,    similar    to  the  triangles   F/A,   F^B  respectively,  whence 


Aj 
AA' 
W 


.Z>,and^i.-^^-,or^. 
FA'        BB'     FB'       17 

and  S^  -  W.       But    the 


bb; 

FB" 


i- A  '  Fq 

triangles  FAA',  FBB'  are  similar, 
as  they  are  both  isosceles,  and 
their  vertical  angles  arc  equal,  so 

that  * = •  whence  *._  s»    ^ 

FA      FB  '  ^^""^"^^  vp     F^' 

,  .,    P  X  Arf 
or,  as  we  may  put  it,   p-_  _  « 

Now  the  denominators  of 


Y\g.  3c. 


Q  xR> 


(^x 


yg 


these  two  equal  fractions  are  equal, 
J  i\  f  \t-  ff-.f  }>*:  in  equilibrium   art.  Jo\     Hence  the  numerators  are  equal,  or 

I'  A   V%  virtual  velocity  »  Q  x  Q's  virtual  velocity. 

A  :  I  f'jffh^r  ;inrl  simpler  example,  take  the  case  of  the  block  and  tackle 
(\t  .'  ,'ti^/l  \u  /'irrjr  \f,  41.  Suppose  the  weight  to  be  raised  through  a  space  ^  ; 
r»./,,  (h^  ,\fXnA\  vf:UK:ity  of  the  weight  is  //,  and  is  negative.  Now,  as  the 
<l.  t  M.'  /  r^  f  .*Jttx\  (he  blf>ck  and  tackle  is  less  than  before  by  the  space  A,  and 

1;  -r./  fi,\*t  f,;n</r<  over  this  space  n  times,  in  order  to  keep  the  rope  still 
r./h»  \\j  (#<,x/'r  ,^il!  have  to  move  through  a  space  equal  to  nh.     This  is  the 

/,,f  .  i!  't\i,'  i*y  f.f  \\  and  is  positive,  and  as  W-wP,  we  see  that 

W  0  Wh  virtual  velocity  =  P  x   P's  virtual  velocity. 

^'l  Wwi0iU0mr  In  the  cases  of  the  actions  of  machines  which  have  been 
f\f..'  f,\»*M,  iUf  r^-^i^tancc^  which  are  offered  to  motion  have  not  been  at  all 
( /.M  nflt  tf'.f]  t  he  «»urface5  of  bodies  in  contact  are  never  perfectly  smooth ; 
t.jfjt  n»e  iutfifrthr%t  present  inequalities  which  can  neither  be  detected  by  the 
if»\tf  r.  itf.f  hy  <ir<tinary  sight  ;  hence  when  one  body  moves  over  the  surface 
t^t  nftfpntff,  fhe  eir  vat  ions  of  one  sink  into  the  depressions  of  the  other,  like 
Iht.  tt'tih  of  whreU,  and  thus  offer  a  certain  resistance  to  motion  ;  this  is 
wUnt  14  <.ille/l /r/V//V?/i.  It  must  be  regarded  as  a  force  which  continually 
i*f  fk  tt*  opfK»^iii/»n  to  actual  or  possible  motion. 

I  fifUfru  i«  of  two  kinds  :  sliding^  as  when  one  body  glides  over  another ; 
fhi*  14  lr.a«(  when  the  two  surfaces  in  contact  remain  the  same,  as  in  the 
inof  iofi  of  ;tn  axle  in  its  bearing  ;  and  r^////i^ friction,  which  occurs  when  one 
\tiAi  rolk  over  another,  as  in  the  case  of  an  ordinar>*  wheel.  The  latter  is 
\rt.%  rh;ifi  the  former,  for  by  the  rolling  the  inequalities  of  one  body  are  raised 
oy<f  tho%e  r/f  the  other.  As  rolling  friction  is  considerably  less  than  sliding 
fri'  tiofi,  It  i*  a  great  saving  of  power  to  convert  the  latter  into  the  former:  as 
It  riofie  m  the  caAC  of  the  casters  of  chairs  and  other  furniture,  and  also  in  that 
of  frif  tion  wheeU.  On  the  other  hand,  it  is  sometimes  useful  to  change  roll- 
ing.; into  <tliding  friction,  as  when  drags  are  placed  on  carriage  wheels. 

KfiMion    is  directly  proportional  to  the  pressure  of  the  two  surfaces 
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gainst  each  other.  That  portion  of  the  pressure  which  is  required  to  over- 
come friction  is  called  the  cotffideni  of  friction. 

Friclion  is  independent  of  the  extent  of  the  surfaces  in  contact  if  the  pres- 
sme  is  the  same.  Thus,  suppose  a  board  with  a  surface  of  a  square  deci- 
metre resting  on  anotlier  board  to  be  loaded  with  a  weight  of  a  kilogramme. 
H  this  load  be  distributed  over  a  similar  board  of  two  square  decimetres 
surface,  the  total  friction  will  be  the  same,  while  the  friction  per  square 
centimetre  is  one-half,  for  the  pressure  on  each  square  centimetre  is  one-half 
□(what  it  was  before.  Friclion  is  diminished  by  piolishing  and  by  smearing, 
but  is  increased  by  heat.  It  is  greater  as  a  body  passes  from  the  stale  of 
rest  to  that  of  motion  than  during  motion,  but  seems  independent  of  ihe 
velocity.  The  coetficieni  of  friclion  depends  on  the  nature  of  the  substances 
in  contact  ;  thus  for  oak  upon  oak  it  is  o'4iS  when  the  fibres  are  parallel, 
and  0-I93  when  they  cross ;  for  beech  upon  beech  it  is  0-36.  Greasy  sub- 
stances which  are  not  absorbed  by  the  body  diminish  friction,  but  increase 
it  if  they  are  absorbed.  Thus  moisture  and  oil  increase,  while  tallow,  soap, 
and  graphite  diminish,  the  friction  of  wooden  surfaces.  In  the  sliding  fric- 
tion of  cast  iron  upon  bronie  the  coetlicient  was  found  to  be  0-25  without 
grease  ;  with  oil  it  was  017,  fat  on,  soap  0-03,  and  with  a  mixture  of  fat 
and  graphite  o-o2.  The  coefficient  of  rolling  friction  for  cast-iron  wheels  on 
iron  rails  as  in  railways  is  about  0-004  \  fof  ordinary  wheels  on  an  ordinary 
mad  it  is  0-04,  hence  a  horse  can  draw  ten  times  as  great  a  load  on  rails  as 
on  an  ordinary  road.  The  coefficient  of  steel  upon  smooth  ice,  as  in  skating, 
is  from  o-oi6  to  o'oji. 

Without  friction  on  the  ground,  neither  man  nor  animals,  neither  ordinary 


mages  n 


,-ay  carriages,  could  move,  Frictii 
1  of  power  from  one  wheel  to  another  by 
means  of  bands  or  ropes  ;  and  without  friclion  we 
could  hold  nothing  in  the  hands. 

4S.  *«slatMte«  to  HoUoa  la  a  Flold  Medium.— 
\  body  in  moving  through  any  medium  such  as  air  or 
water  experiences  a  certain  resistance  ;  for  the  moving 
body  sets  in  motion  those  parts  of  the  medi 


is  necessary  for  the 


nhich  it 


.1  of  it 


n  contact,  whereby  it  loses  an  e(|uivalent 

■eases  with  the  surface  of  the 
moving  body  ;  thus  a  soap-bubble  or  a  snowflake  falls 
more  slowly  than  does  a  drop  of  water  of  the  same 
'height.  It  also  increases  with  the  density  of  the  me- 
'lium  :  thus  in  rarefied  air  it  is  less  than  in  air  under 
ihe  ordinary  pressure  ;  and  in  this  again  it  is  less  than 

The  influence  of  this  resistance  may  be  illustrated 
by  means   of  the    apparatus   represented    in    fig.  31,  p-^  ^, 

■ihirh  consists  of  Iwo  vanes,  w  w,  fixed  to  a  horizontal 

i*is  X  X,  to  which  also  is  attached  a  bobbin  s.  The  rotation  of  the  vanes  is 
eifecied  by  means  of  the  falling  of  a  weight  attached  10  the  string  coiled 
imind  the  bobbin.  The  vanes  can  be  adjusted  either  at  right  angles  or 
parallel  to  the  axis.     In  the  former  position  the  vanes  rotate  rapidly  when 


I !  1 V 1. 


Ill- 


r I,; III   an;;;t.-^  : 

uliiinatcly    bo    similar    :o 


i:;' 


it     !} 


'j'fc 
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:  rc  llicy  prc>>  •^■'  • 
V  lessens  the  rapicli')" 

» c  moving  body,  and  f'^^ 

. :.  snpposinjj  the  vel*^*-'' 

;  e  twice  as  much  matter. 

.0  the  velocity.     For  hijJ'^ 

.     :  .i  m(»rc  rapid  ratio  ih*'^'^ 

.-.td  alon>,' \sith  the  mnvi^n 

c:  pnriinns  of  the  mcdio*^^* 

..ises  the  difficulty  and  cost*" 

.    ^     I  <e  is  m.ide,  on  the  other  haH"" 

.  ■,•  :n  the  wind-vanes  for  dimini^ll' 

•i-  principle  of  which  is  illustr.il^^ 

. .    ,  .  more  slowly  in  air  than  hca^'V 

^  N*:ve  is  smaller  compared  with  th^ 

Ns:y  may  ultimately  equal  its  wei«;ht  • 

'  ::u-  velocity  which  it  has  acquired- 

-  K^\  3,000  feet  would,  when  near  th^ 

,.'  !cc:,  or  that  of  a  musket-shot  ;  owinjj 

>  actual  velocity  is  probably  not  more 

...i\s  the  resistance  of  the  air  is  appre- 

%.:ilace  of  22  square  feet,  it  amounts  to 

the  train  is  16  feel  a  second  or  1 1  miles 


,  .    -v.-.vition  in  the  number  of  oscillations  of  a 

V     ;  .hToad.  when  immersed  in  water,  Meyer  de- 

-,-  -i-Mstance  of  water,  and  fdund  that  at  10^  it 

-  ,•  on  a  square  centimetre;  and  for  air  ii  was 

^^^■mrtifrp^  K«otilinear  Motion. —  Let  us  suppose  a 
.  .'.    ",i>N  to  move  from  rest  under  the  .iction  of  a 
SN  ^  *»■•'•  move  in  the  line  of  action  of  the  force,  and 
..>     ■«•.  .i"  additional  velocityy given  by  the  equation 

F  =  /;//; 

,    *  \c*.»^  ity  at  the  end  of  /  seconds,  we  have 

»^    v.vi.c  it  will  describe  in  /  seconds,  we  may  reason  as 

.,..N  ;x  a:  the  time  /  being//,  that  at  a  time  /+r  will  be/ 

•.    *N>-.x   :nt*\eil  uniformly  during  the  time  r  with  the  former 

,  ^^    ,-!o*»'iibc  a  space  J  equal  to//r  ;  if  with  the  latter  velocity, 

X   «.   ro  '\/  +  tV.     Consequently, 

J,  :  J  ::  /  +  r  :  /; 

MVfM-.  r  i>  indotinitely  small,  the  limiting  values  of  s  and  s^  ate 
\.  ^\.  ^n^x  the  body's  velocity  is  continually  i/urtusifig  during  the 
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■ii^e  T,  ihe  space  actually  described  is  greater  than  s,  and  less  than  j,.  Bui 
•  "■  e  ihe  limiting  values  of  s  and  jj  are  equal,  the  limiting  value  of  the  space 
■    ril-jcd  is  ihe  same  as  thai  of  s  or  s^.     In  other  words,  if  we  suppose  the 

■  ::mi;  of  the  body's  motion  to  be  divided 

•  A  r,i;;iiber  of  equal  parts,  if  we  deiermine 

■'.■■  .!)  of  Ihe  body  at  the  beginning  of  each 
;  "■■•u  parti,  iiml  if  we  ascertain  the  spaces 
■i-rix'il  .in  the  supposition  that  the  body 
■"■ifi  unifiinnly  during  each  portion  of  time, 
"l|i-  nniiijn^'  value  of  the  sum  of  these  spaces 
'il'  )i^  ihc  .'.pace  actually  described  by  the  body, 
lir:i«  a  Ime  AC  (fig.  32),  and  at  A  construct  an 
■m^'le   CAIi,   whose   tangent   equals/;    divide 

AC  imo  any  number  of  equal  parts  in  D,  E,  F,,,  .and  draw  PD,  QE,  RF,,.. 
lit  at  riuhi  angles  to  AC  ;  then  since  PD  -  AU  x/  QE  -  AE  x/  RF  =  AF  «/, , 
BC  -  AC  «/  &c.,  PD  will  represent  the  velocity  of  the  body  at  the  end  of 
'bt  time  represented  by  AD,  and  similarly  QE,  RF, . . ,  BC,  will  represent  the 
vdociiy  ai  the  end  of  the  times  AE,  AF, . .  .AC.  Complete  the  rectangles  Df , , 
^f.^g...  These  rectangles  represent  the  space  described  by  the  body  on 
il«»bove  supposition  during  the  second,  third,  fourth, ..  .portions  of  the  time.. 
Constquenily,  the  space  actually  described  during  the  time  AC  is  the  limit 
"f  ibe  sum  of  the  rectangles  ;  the  limit  being  continually  approached  as  the- 
number  of  pans  into  which  AC  is  divided  is  continually  increased.  But  this 
liinil  is  Ihe  area  of  the  triangle  ABC  :  that  is  JAC  x  CB  or  SAC  <  AC  x/ 
Thtrefore,  if  .^C  represents  the  time  /  during  which  the  body  describes  a 
spice  J,  we  have 

Since  this  equation  can  be  written 


n  comparison  with  equation  (l),  that 


(3) 


To  lllusiraie  these  equations,  let  us  suppose  the  accelerative  effect  of  the 
force  to  be  6  ;  that  is  to  say,  that,  in  virtue  of  the  action  of  the  force,  the  body 
squires  in  each  successive  second  an  additional  velocity  of  6  ft.  per  second, 
aid  let  it  be  asked  what,  on  the  supposition  of  the  body  moving  from  rest, 
■ill  be  the  velocity  acquired  and  the  space  described  at  the  end  of  12 
Kronds  ;  equations  1  and  2  enable  us  to  answer  that  at  that  instant  it  will.b< 
moving  at  the  rate  of  72  ft.  per  second,  and  will  have  described  432  ft. 

The  following  important  resuh  follows  from  equation  2.  At  the  end  of 
the  first,  second,  third,  fourth,  &c.,  second  of  the  motion  the  body  will  have 
described  J/,  ^/*  4,  \/*.  9,  j/i  16,  S;c. ,  ft. ;  and  consequently  during  the 
first,  second,  third,  fourth,  &c.  second  of  the  motion  will  have  described  i/j 
SJt  J,  }/■>  4,  \fn  7,  &c.  ft.,  namely,  spaces  in  arithmetical  progression. 

The  results  of  the  above  article  can  be  stated  in  the  form  of  laws  which 
ipply  to  the  stale  of  a  body  moving  from  a  stale  of  rest  under  the  action  of 
I  force  :— 
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I .  The  vehu  itits  an'  proportional  to  the  times  during  which  the  motion 
h<t%  i it  it  fit. 

II.  '////'  span's  it  scribed  arc  proportional  to  the  squares  of  t)u  times  em^ 
ptoytd in  tht'ir  dcuripHon. 

III.  l  hi'  spait's  described  are  proportional  to  the  squares  of  the  velocities 
at ijuirtd during  their  description. 

i  V.  '////'  \  paces  described  in  equal  successive  periods  of  time  increase  by  a 
I  umlaut  ijuantity. 

Iii&irad  of  biipposinjj  the  body  to  begin  to  move  from  a  state  of  rest,  we 
jjj.iy  biifipobi?  it  to  have  an  initial  velocity  V,  in  the  direction  of  the  force.  In 
ihib  I  abc  ('(Illations  i,  2,  and  3  can  be  easily  shown  to  take  the  following 
foNiJb,  I erjpcM  lively  : — 

J  =  \7  +  \ft\ 

V'  =,  V-  +  2/>. 

If  ilir  body  move  in  a  direction  opposite  to  that  of  the  force,/ must  be 
rt'«  kont'd  n(*gativ(.*. 

I  lie  moat  important  exemplification  of  the  laws  stated  in  the  present 
aiiK  k-  ih  in  the  ( a.*»r  of  a  body  falling  ix^t\y  in  vacuo.  Here  the  force  causing 
ihc  a< «  clfi.ition  ih  that  of  gravity,  and  the  acceleration  produced  is  denoted 
b>  iliL*  hiici  i^\  it  has  already  been  stated  (27  and  29)  that  the  numerical 
v.diic  (i|  J,'  ih  ^2i<;i2  at  London,  when  the  unit  of  time  is  a  second  and  the 
iinH  III  length  a  fool.  iVdopting  the  metre  as  unit  of  length  the  value  of 
y,  .it  I  oiidoii  i*»  </8i  17. 

50.  Motion  on  an  Znellned  Vlane. — Referring  to  (43),  suppose  the  force 
I'  liut  to  .11  t  ;  then  the  mafts  M  is  acted  on  by  an  unbalanced  force  M^  sm 
i,  in  the  diMM  lion  SK,  <'on!iec|ucntly  the  accelerating  force  down  the  plane  is 
.<;  hin  r,  .ind  the  n\olion  becomes  a  particular  case  of  that  discussed  in  the 
la^t  aitif  Ic.  II  it  Iwgins  to  move  from  rest,  it  will  at  the  end  of  /  seconds 
•11  ijuiu-  a  vcloi  ity  v  given  by  the  equation 

v^gt  sin  .r, 

and  uill  dcbc  rilx:  a  length  s  of  the  plane  given  by  the  equation 

s  «  \gt^  sin  X, 

Alio,  if «'  Im  the  vrlority  acquired  while  describing  s  feet  of  the  plane, 

7/2  _  2gs  sin  X. 

Huu*  t:  .  ti^.  i\\  if  a  body  slides  down  the  plane  from  S  to  R  the  velocity  which 
It  .4«  i|inrib  at  K  lb  equal  to  s/2g  .  RS  sin  R  or  s/2^  .  ST ;  that  is  to  say, 
Ihu  V  elii(  ity  which  the  body  h«is  at  R,  does  not  depend  on  the  angle  x,  but  only 
iiu  tim  pcrpendirular  height  ST.  The  same  would  be  true  if  for  RS  we  sub- 
btitutcd  any  bmooth  curve,  and  hence  we  may  state  generally,  that  when  a 
luuly  tnoveb  along  any  smooth  line  under  the  action  of  gravity,  the  change 
id  \tloi  ity  it  experiences  in  moving  from  one  point  to  another  is  that  due  to 
liiii  w'ttical  height  of  the  former  point  above  the  latter. 

^  I .  If  •%!••  ef  Frojectlles. — The  equations  given  in  the  above  article 
apply  t(»  tlte  case  of  a  body  thrown  vertically  upwards  or  downwards  with  a 
iritain  initial  velocity.    We  will  now  consider  the  case  of  a  heavy  body 
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thrown  in  a  bomontal  direction.     Let  «,  fig.  33,  be  such  a  body  thrown  with 
.in  initial  velocity  of  v  feet  in  a  second,  and  let  the  line  ab  represent  the  space 
described  in  any  interval ;  then,  at   the  end  of 
the  2,  3,  4  ..equal  interval,  the  body,  in   virtue    %-^ 
of  its  inertia,  will  have  reached  the  points  c  d  e, 
&c.     But  during  all  this  time  the  body  is  under  , 
the  influence  of  gravity,  which,  if  it  alone  acted, 
would  cause  the  body  to  fall  through  the  dis- 
tances represented  on  the  vertical  line  ;  these  are  1 
determined  by  the  successive  values  of  J^/', 
which  is  the  formula  for  the  space  described 
by  a  freely  falling  botly  (49).     The  effect  of  the 
combined  action  of  the  two  forces  is  that  at  the  ' 
end  of  the  first  interval,  &c.,  the  body  will  be 
at  i',  at  the  end  of  the  second  interval  at  c',  of 
the  third  at  iT,  Sec,  the  spaces   Ai',  cc',  diV.,. 
being  proportional  to  the  squares  of  ab,  ac,  ad, 
respectively,  and  the  line  joining  these  points  ' 
represents  the  path  of  the  body.     By  taking;  the 
intervals  of  time  sufficiently  small  we  get  a  regu-  Kig.  33. 

larly  curved  line  of  the  form  known  as  the  parabola. 

If  the  direction  in  which  the  body  is  thrown  makes  an  angle  of  a  with 
the  honion  (Ag.  34),  then  after  /  seconds  it  would  have  travelled  a  distance 


J^- 1'/,  where  wis  the  original  velocity;  during  this  time,  however,  it  will  have 
fallen  through  a  distance  bc~  \gl'^  ;  the  height  which  it  will  have  actually 
reached  is  mbd-bc-vt  sin  a  —  ^gfi;  and  the  horizontal  distance  will  be 
■irf"  116  cos  a~vt  cos  a.  The  range  of  the  body,  or  the  greatest  distance 
itirough  which  it  is  thrown,  will  be  reached  when  the  height  is  again  =  0 ;  that 


i',  when  I'/sin  o  — 1?/-0,  from  which  /=*■' 
'if  /  into  the  equation  for  the  distance  rf,  we  1 

by  a  trigonometrical  transformation  » '- 

8 
attained  in  half  the  time  of  flight,  or  when  / 


".     Introducing  this  value 

^^21'' sin  a  COSa     .|jj^^ 

The  greatest  height  is 
",  from   which   we  get 


It  follows  from  the  formula  that  the  height  is  greatest  when  s 
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gr<sat«iit,  which  is  the  case  when  it  >■  90®,  or  when  the  body  is  thrown  vertically 
iifiWHrdH  ;  the  range  is  greatest  where  sin  2a  is  a  maximum,  that  is,  when 
4,i^ijii"  or  */-4S°. 

In  thehe  fonnulu:  it  has  been  assumed  that  the  air  offers  no  resistance. 
'1  liift  ib,  however,  fur  from  the  case,  and  in  practice,  particularly  if  the  velo- 
( ity  of  projection  is  ver>'  great,  the  path  differs  from  that  of  a  parabola. 
1'  ig-  34  approximately  represents  the  path,  allowing  for  the  resistance  of  the 
air.  The  divergence  from  the  true  theoretical  path  is  the  greater  from  the 
fart  that  in  the  modem  rifled  arms  the  projectiles  are  not  spherical  in  shape  ; 
and  alito  because,  along  with  their  motion  of  translation,  they  have,  in  con- 
bcquencc  of  the  rifling,  a  rotatory  motion  about  their  axis. 

52.  OompoBltloB  of  Velocities. — The  principle  for  the  composition  of 
vtldciiies  is  the  same  as  that  for  the  composition  of  forces  :  this  follows  evi- 
dently from  the  fact  that  forces  are  measured  by  the  momentum  they  com- 
nuinicate,  and  arc  therefore  to  one  another  in  the  same  ratio  as  the  velocities 
they  ctmimunicate  to  the  same  body.  Thus  (fig.  6,  art.  33),  if  the  point  has 
at  any  instant  a  velocity  AB  in  the  direction  AP,and  there  is  conmiiunicated 
to  it  a  vi-ldciiy  AC  in  the  direction  AQ,  it  will  move  in  the  direction  AR  with 
a  veloriiy  represented  by  AD.  And  conversely,  the  velocity  of  a  body  rc- 
|iu:!»iinied  by  AD  can  be  resolved  into  two  component  velocities  AB  and  AC. 
I  hib  buggests  the  method  of  determining  the  motion  of  a  body  when  acted 
(III  liy  a  force  in  a  direction  transverse  to  the  direction  of  its  velocity  ;  namely, 
Mi|i|inbc  the  time  to  be  divided  into  a  great  number  of  inter\*als,  and  suppose 
li.e  velcK  ity  actually  communicated  by  the  force  to  be  communicated  at  once, 
then  by  the  ( (imposition  of  velocities  we  can  determine  the  motion  during 
I, a  U  inierx al,  and  therefore  during  the  whole  time  ;  the  actual  motion  is  the 
limit  l(»  which  the  motion,  thus  determined,  approaches  when  the  number  of 
iiiteivalb  ib  increased. 

SJ.  Motion  in  a  Oirole. — Oentiiftiral  Force. — When  a  body  is  once  in 
luiitiiin,  unless  it  be  acted  upon  by  some  force,  it  will  move  uniformly 
luiwaid  in  a  straight  line  with  unchanged  velocity  (26).  If,  therefore,  a  body 
iiuivea  uniformly  in  any  other  path  than  a  straight  line — in  a  circle,  for 
iiibtan(  e  this  must  be  because  some  force  is  constantly  at  work  which 
(itiitinutiubly  deviates  it  from  this  straight  line. 

We  have  already  seen  an  example  of  this  in  the  case  of  the  motion  of 
|u»i|ei  tiles  (51),  and  will  now  consider  it  in  the  case  of  central  motion,  or 
iiuitidii  in  a  circle,  of  which  we  have  an  example  in  the  motion  of  the  celestial 
iMulii^a  til  in  the  motion  of  a  sling. 

Ill  the  latter  case,  if  the  string  is  cut, the  stone,  ceasing  to  be  acted  upon 
l»\  tilt:  leiibion  of  the  string,  will  move  in  a  straight  line  with  the  velocity 
w  iiti  li  tl  alieady  possesses  ;  that  is,  in  the  direction  of  the  tangent  to  the  cur\*e 
M  \\\\i  pdint  where  the  stone  was  when  the  string  was  cut.  The  tension  of 
the.  biiihg,  the  elVect  of  which  is  to  pull  the  stone  towards  the  centre  of  the 
\  uv  U",  ami  to  cause  the  stone  to  move  in  its  circular  path,  is  called  the  centri- 
f>^U^  \\\  central  force;  the  reaction  of  the  stone  upon  the  string,  which  is 
i-^jiial  and  opposite  to  this  force,  is  called  its  centrifugal  force.  The  amount 
\\\  iheie  i(uves  may  be  arrived  at  as  follows  : — 

Let  us  suppose  a  body  moving  in  a  circle  with  given  uniform  velocity  to 
br  at  the  |K>int  a  (fig.  35) ;  then,  had  it  not  been  acted  on  by  a  force  in  the 
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direction  ac,  it  would,  in  a  small  succeeding  interval  of  time  /,  have  continued 
to  move  in  the  direction  of  the  tangent  at  a^  and  have  passed  through  a 
distance  which  we  will  represent  by  ad.  In  conse- 
quence, however,  of  this  force  it  has  not  followed  this 
direction,  but  has  arrived  at  the  point  d  on  the  curve  ; 
hence  the  force  has  made  it  traverse  the  distance  bd^ae 
in  this  interval.  If /be  the  accelerating  force  which 
draws  the  body  towards  the  centre,  ae  -  i/?*,  and  if 
ad  be  very  small,  it  may  be  taken  as  equal  to  ab  or  7//, 
where  v  is  the  velocity  of  the  moving  body.  Now  if. 
an  is  the  diameter  of  the  circle,  the  triangle  adn  is 
inscribed  in  a  semicircle  and  is  right-angled,  whence 
ad^  »  ae  X  an  '^  a€x  2r.  Substituting  their  values  for 
tui  and  ae  in  this  equation,  we  find  that  t/V^  ^kf^^  2r, 

from  which  /"-      ;  that  is,  in  order  that  a  body,  with  a 

certain  velocity,  may  move  in  a  circle,  it  must  be  drawn 
to  the  centre  by  a  force  which  is  directly  as  the  square 
of  the  velocity  with  which  the  body  moves,  and  which  is 
inversely  as  the  radius  of  the  circle.  In  order  to  express 
this  in  the  ordinary  units  of  weight,  we  must  multiply  the 

above  expression  by  the  mass,  which  gives  F  «  or 

To  keep  the  body  in  a  circle  an  attraction  to- 

wards  the  centre  is  needed,  which  is  constantly  equal  to 
-,  and  this  attraction  is  constantly  neutralised  by  the 

centrifugal  force. 

The  above  expression  may  be  put  in  a  form  which  is  sometimes  more  con- 
venient.    If  T  be  the  time  in  seconds  required  to  traverse  the  circumference 

2ffr  with  the  velocity  v,  then  7/'=  ^'I'f ,  from  which  F  = '^''^";''' -  4}^l!^ 

If  a  rigid  body  rotates  about  a  fixed  axis,  all  parts  of  the  body  describe 
circumferences  of  various  diameters,  but  all  in  the  same  time.  The  velocity 
of  the  motion  of  individual  particles  increases  with  the  distance  from  the  axis 
«f  rotation.  By  angular  velocity  is  understood  the  velocity  of  a  point  at  unit 
tiistance  from  the  axis  of  rotation.     If  this  is  denoted  by  «,  the  velocity  z/  of  a 

fX'int  at  a  distance  from  the  axis  is  wr,  from  which  w  »^=   ^  and /-ro)'*. 

r     T 

The  existence  of  centrifugal  force  may  be  demonstrated  by  means  of 
numerous  experiments,  such  as  the  centrifugal  railway.  If  a  small  can  of 
*ater  hung  by  the  handle  to  a  string  be  rapidly  rotated  in  a  vertical  circle, 
no  water  will  fall  out,  for,  at  a  suitable  velocity,  the  liquid  will  press  against 
the  bottom  of  the  vessel  with  a  force  at  right  angles  to  the  circle,  and  greater 
than  its  own  weight. 

54.  Motion  In  »  Vertical  Circle.— Let  ACBD  be  a  circle  whose  plane 
>s  vertical  and  radius  denoted  by  r.  Suppose  a  point  placed  at  A,  and 
allowed  to  slide  down  the  curve,  what  velocity  will  it  have  acquire^' 


Fig.  35- 
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ua'  hiMji  ,^iiv  >:lvm  point  P?  Draw  the  vertical  diameter  CD,  join  CA,CP, 
luil  ili.iw  thr  iiori/ontal  lines  AMB  and  FN?'.  Now,  assuming  the  curve 
^  to  be  smooth,  the  velocity  acquired  in  falling  from 

A  to  P  is  that  due  to  MN,  the  vertical  height  of  A 
above  P  (50)  ;  if,  therefore,  V  denote  the  velocity  of 
the  point  at  P,  we  shall  have 

Now  by  similar  triangles  DCP,  PCN  we  have 

DC  :  CP::CP  :  CN  ; 
consequently,  if  we  denote  by  s  the  chord  CP, 

2rNC-j'; 
in  like  manner  if  a  denote  the  chord  CA, 
2rMC  =  rt2, 
2rMN=//^-j^, 


lhnrl«>ir 
•iihI 
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Nmw  *'  will  have  rijufil  values  when  s  has  the  same  value,  whether  positive 
Ml  mx«iH^*'i  and  for  any  one  value  of  s  there  are  two  equal  values  of?/,  one 
|iMiili\r  itiul  one  negative.  That  is  to  say,  since  CP'  is  equal  to  CP,  the 
liiuls  will  li.ivc  tlir  same  velocity  at  P'  that  it  has  at  P,  and  at  any  point  the 
l«M(l\  vmII  liavr  the*  same  velocity  whether  it  is  going  up  the  curve  or  down 
ilir  I  m\f.  ( )f  course  it  is  included  in  this  statement  that  if  the  body  begins 
U»  innvc  lioiii  A  it  will  just  ascend  to  a  point  B  on  the  other  side  of  C,  such 
lli.ii  A  itiid  li  are  in  the  same  horizontal  line.  It  will  also  be  seen  that  at  C 
llir  value  dl  .1  is  zero  ;  consequently,  if  V  is  the  velocity  acquired  by  the 
liiiily  ill  tallinj'  from  A  to  C,  we  have 

and,  nil  I  he  other  hand,  if  the  body  begins  to  move  from  C  with  a  velocity  V 
11  svill  leacli  a  point  A  such  that  the  chord  AC  ox  a  is  given  by  the  same 

equation.  In  other  words,  the  velocity  at  the 
lowest  point  is  proportional  to  the  chord  of  the  arc 
described. 

55.  BKoUoB  of  a  Simple  Pendalom. — By  a 
simple  pendulum  is  meant  a  heavy  particle  sus- 
pended by  a  fine  thread  from  a  fixed  point,  about 
which  it  oscillates  without  friction.  So  far  as  its 
changes  of  velocity  are  concerned  they  will  be  the 
same  as  those  of  the  point  in  the  previous  article  : 
for  the  tension  of  the  thread,  acting  at  each  position 
I  ig.  17.  in  a  direction  at  right  angles  to  that  of  the  motion 

of  the  point,  will  no  more  affect  its  motion  than 
the  leaillon  of  the  smooth  curve  affects  that  of  the  point  in  the  last  article. 
The  lime  (»f  an  oucillation— -that  is,  the  time  in  which  the  point  moves  from  A 
to  H  (an  be  easily  ascertained  when  the  arc  of  vibration  is  small ;  that  is, 
wlien  the  cijoni  and  the  arc  do  not  sensibly  differ. 


\ 
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Thus,  let  AB  (fig.  37)  equal  the  arc  or  chord  ACB  (fig.  36) ;  with  centre 
C  and  radius  AC  or  a  describe  a  circle,  and  suppose  a  point  to  describe  the 

circumference  of  that  circle  with  a  uniform  velocity  V  or  ^a/^.  At  any  in- 
stant let  the  point  be  at  Q,  join  CQ,  draw  the  tangent  QT,  also  draw  QP  at 
rijjht  angles  and  QN  parallel  to  AB,  then  the  angles  NQT  and  CQP  are 
equal.     Now  the  velocity  of  Q  resolved  parallel  to  AB  is  V  cos  TQN  or 

a  a/?  cos  CQP ;  that  is,  if  CP  equals  j,  the  velocity  of  Q  parallel  to  AB  is 

;^/?POor^/?(^'-^'). 

But  if  we  suppose  a  point  to  move  along  AB  in  such  a  manner  that  its 
velocity  in  each  position  is  the  same  as  that  of  the  oscillating  body,  its 

velocity  at    P   would  also  equals  /^ (a'- j')  :  and,  therefore,  this  point 

would  describe  AB  in  the  same  time  that  Q  describes  the  semicircumference 
AQB.     If  then  /  be  the  required  time  of  an  oscillation,  we  have 

This  result  is  independent  of  the  length  of  the  arc  of  vibration,  provided  its 
amplitude^  that  is  AB,  be  small — not  exceeding  4  or  5  degrees,  for  instance. 
It  is  evident  from  the  formula,  that  the  time  of  a  vibration  is  directly  pro- 
portional to  the  square  root  of  the  length  of  the  pendulum,  and  inversely 
proportional  to  the  square  root  of  the  accelerating  force  of  gravity. 

As  an  example  of  the  use  of  the  formula  we  may  take  the  following  : — It 
has  been  found  that  .39"  13983  inches  is  the  length  of  a  simple  pendulum, 
*vhose  time  of  oscillation  at  Greenwich  is  one  second  ;  the  formula  at  once 
leads  to  an  accurate  determination  of  the  accelerating  force  of  gravity  g ;  for 
usin;,'  feet  and  seconds  as  our  units  we  have  /=  i,  r=  3*26165,  and  it  stands 
fnr  the  known  number  3*14159,  therefore  the  formula  gives  us 

.ir  =  (3*i4i59)^x  3-26165 -32*1912. 

'fhis  is  the  value  employed  in  (29). 

Other  examples  will  be  met  with  in  the  Appendix. 

56.  aimplaio  RepreaeBtatloB  <^  the  OliaoreB  of  Velocity  of  an  Osdl- 
latlBff  Body. — The  changes  which  thevelocity  of  a  vibrating  body  undergoes 
may  be  graphically  represented  as  follows  : — Draw  a  line  of  indefinite  length 
and  mark  off  AH  (fig.  38)  to  represent  the  time  of  one  vibration,  HH'  to  re- 


Fig.  38. 

present  the  time  of  the  second  vibration,  and  so  on.  During  the  first  vibra- 
tion the  velocity  increases  from  zero  to  a  maximum  at  the  half-vibration,  and 
then  decreases  during  the  second  half-vibration  from  the  maximum  10  zero. 
Consequently,  a  curved  line  or  arc  AQH  may  be  drawn,  whose  ordinate  QM 
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at  any  point  Q  will  represent  the  velocity  of  the  body  at  the  time  represented 
by  AM.  If  a  similar  curved  line  or  arc  HPH'  be  drawn,  the  ordinate  PN 
of  any  point  V  will  represent  the  velocity  at  a  time  denoted  by  AN.  But 
since  the  direction  of  the  velocity  in  the  second  oscillation  is  contrary  to  that 
of  the  velocity  in  the  first  oscillation,  the  ordinate  NP  must  be  drawn  in  the 
contrary  direction  to  that  of  MCJ.  If,  then,  the  curve  be  continued  by  a  suc- 
ression  of  equal  arcs  alternately  on  opposite  sides  of  AD,  the  variations  of 
the  velocity  of  the  vibrating  body  will  be  completely  represented  by  the 
varyin^j  magnitudes  of  the  ordinates  of  successive  points  of  the  curve.  The 
last  article  shows  this  to  be  the  cun'e  of  sines  for  a  pendulum. 

57.  XmpnUlTe  Foroea. — When  a  force  acts  on  a  body  for  an  inappreci- 
ably short  time,  and  yet  sensibly  changes  its  velocity,  it  is  termed  an  instan- 
fstneous  or  impulsive  force.  Such  a  force  is  called  into  play  when  one  body 
strikes  against  another.  A  force  of  this  character  is  nothing  but  a  finite 
though  ver>'  large  force,  acting  for  a  time  so  short  that  its  duration  is  nearly, 
or  quite,  insensible.  In  fact,  if  M  is  the  mass  of  the  body,  and  the  force 
I'ontains  M/ units,  it  will,  in  a  time  /,  communicate  a  velocity^?;  now,  how- 
ever small  /  may  be,  .M/and  therefore/ m.iy  be  so  large  that ^  may  be  of 
sensible  or  even  considerable  magnitude.  Thus  if  M  contains  a  pound  of 
matter,  anil  if  the  fon^e  contains  ten  thousand  units,  though  /  were  so  short 
.w  to  be  only  the  ^^,\,^^  of  a  se«:*ond,  the  velocity  communicated  by  the  force 
\\t>uld  be  one  of  10  ft.  per  second.  It  is  also  to  be  remarked  that  the  body 
will  nv>t  sensibly  move  while  this  velocity  is  being  communicated;  thus,  in 
the  case  supposevl,  the  bixiy  would  only  move  through  \/t'  or  the  ^Jg  of  a 
tiHH  while  the  force  acts  upon  it. 

When  one  binly  impinges  on  another,  it  follows  from  the  law  of  the 
equality  of  action  and  reaciivm  ^g  that  whatever  force  the  first  body  exerts 
i:jH>n  the  second,  the  second  will  exert  an  equal  force  upon  the  first  in  the 
t^pjH>site  direction.  Now  forces  are  proportional  to  the  momenta  generated 
in  the  same  time ;  conse^iuently,  these  forces  generate,  during  the  whole  or 
any  jurt  oi  the  lime  of  impact,  in  the  bodies  respectively,  equal  momenta 
with  contrary  signs  :  and  therefore  the  sum  of  the  mc»menta  of  the  two  bodies 
will  remain  vvnstant  during  and  a:  the  end  of  the  im^^ict.  It  is  of  course 
underst».H?d  that  if  the  two  biHiies  move  in  contrary*  directions  their  momenta 

have  opposite  signs,  and  the  sum  is  an  alge- 
braical sum.  In  order  to  :cs:  the  physical 
validity  of  this  cv^nclusion,  Newton  mavle  a 
"^  series  of  expirriments.  which  may  be  briefly 
cescribevl  thus : — Two  balls  A  and  B  arc 
hung  frvnu  points  C,  O  in  :he  some  horizontal 
'ire  by  threads  in  such  a  :r.ir.r.er  that  their 
:e:::res  .\  and  U  are  in  the  sa:r.e  horizontal 
".rr.e.  With  centre  C  and  ravi:u>  CA  ce^cr.be 
a  senv.circle  KAK.  an  J.  w:th  .entre  I"*  »ind 
taviius  PB  oescribe  a  >em:c:tv'e  v-:>H  en  the  wjlI'.  :n  iront  or  wh:/n  the  rails 
han^.  Let  A  be  move\l  back  to  K,  and  be  allowevit..*  vlescend  to  A  :  it  there 
in^pin^es  on  B  ;  *x*th  A  and  B  v.::*.  now  mo^e  olonji  the  arch  AF  one  BH 
resj-^'ti^ely  :  lee  .\  and  Bcnne  to  ther  h:^he>:  points  at  •^ard  i  re:5pevtively. 
Now  it  V  vienoce  the  velocity  v.::h  vwh:ch  A  reaches  the  Iox»e>t  ix**nt. :  onvt  m 
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the  velocities  with  which  A  and  B  leave  the  lowest  points  after  impact,  and  r 
the  radius  AC,  it  follows  from  (54)  that 

V  «  chd  Ar    i/^  v  -  chd  Ar/-?,  and  u  «  chd  B^    i/^ ; 

therefore  if  A  and  B  are  the  masses  of  the  two  balls,  the  momentum  at  the 
instant  before  impact  was  A  x  chd  AR,  and  the  momentum  after  impact  was 
Ax  chd  Ar  +  B  X  chd  Bi€r.  Now  when  the  positions  of  the  points  R,  r,  and 
k  had  been  properly  corrected  for  the  resistance  of  the  air,  it  was  found  that 
these  two  expressions  were  equal  to  within  quantities  so  small  that  they 
could  be  properly  referred  to  errors  of  observation.  The  experiment  suc- 
ceeded equally  under  every  modification,  whether  A  impinged  on  B  at  rest 
or  in  motion,  and  whatever  the  materials  of  A  and  B  might  be. 

58.  IMreet  Oolllslon  of  Two  Bodies.  -  Let  A  and  B  be  two  bodies 
moving  with  velocities  V  and  U  respectively,  along  the  same  line,  and  let 
their  mutual  action  take  place  in  that  line ;  if  the  one  overtake  the  other, 
what  will  be  their  respective  velocities  at  the  instant  after  impact  ?  We  will 
answer  this  question  in  two  extreme  cases. 

i.  Let  us  suppose  the  bodies  to  be  quite  inelastic.  In  this  case,  when  A 
touches  B,  it  will  continue  to  press  against  B  until  their  velocities  are 
equalised,  when  the  mutual  action  ceases.  For  whatever  deformation  the 
bodies  may  have  undergone,  they  have  no  tendency  to  recover  their  shapes. 
\i^  therefore,  x  is  their  common  velocity  after  impact,  we  shall  have  \x  +  Bjr 
their  joint  momentum  at  the  end  of  impact,  but  their  momentum  before 
impact  was  AV  +  BU.    Whence 

(A  +  B).r  =  AV  +  BU, 

an  equation  which  determines  x. 

ii.  Let  us  suppose  the  ho6\ts  perfectly  elastic.  In  this  case  they  recover 
their  shapes,  with  a  force  exactly  equal  to  that  with  which  they  were  com- 
pressed. Consequently,  the  whole  momentum  lost  by  the  one,  and  gained  by 
the  other,  must  be  exactly  double  of  that  lost  while  compression  took  place ; 
that  is,  up  to  the  instant  at  which  their  velocities  were  equalised.  But  these 
are  respectively  AV  —  Ax  and  \^x-  BU  ;  therefore,  if  v  and  u  are  the  required 
final  velocities, 

Av  «  AV  -  2(AV  -  \x)  or  v=  —  V  +  2x 

B«  -  BU  +  2(B:r-  BU)  or  w  =  2x-  U, 
hence 

(A  +  B)2/-2BU  +  (A-B)V 
and 

(A  +  B)«-2AV-(A-B)U. 

The  following  conclusion  from  these  equations  may  be  noticed  :  suppose  a 
^1  A,  moving  with  a  velocity  V,  to  strike  directly  an  equal  ball  B  at  rest. 
In  this  case  A  -  B,  and  U  « o,  consequently  v^o  and  «  -  V  ;  that  is,  the 
fonner  ball  A  is  brought  to  rest,  and  the  latter  B  moves  on  with  a  velocity  V. 
If  now  B  strike  on  a  third  equal  ball  C  at  rest,  B  will  in  turn  be  brought  to 
i^est,  :jid  C  will  acquire  the  velocity  V.  And  the  same  is  true  if  there  is  a 
fourth,  or  fifth,  or  indeed  any  number  of  balls.  This  result  may  be  shown 
with  ivory  balls,  and  is  a  very  remarkable  experiment. 


42  On  Matter,  Force,  and  Motion.  [68- 

59.  IVork:  BKeaalnr  of  tlie  Term. — It  has  been  pointed  out  (19,  26) 
that  a  moving  body  has  no  power  of  itself  to  change  either  the  direction  or 
the  speed  of  its  motion,  and  that,  if  any  such  change  takes  place,  it  is  a  proof 
that  the  body  is  acted  upon  by  some  external  force.  But  although  change  of 
motion  thus  always  implies  the  action  of  force,  forces  are  often  exerted  with- 
out causing  any  change  in  the  motion  of  the  bodies  on  which  they  act.  For 
instance,  when  a  ship  is  sailing  at  a  uniform  speed  the  force  exerted  on  it  by 
the  wind  causes  no  change  in  its  motion,  but  simply  prevents  such  a  change 
being  produced  by  the  resistance  of  the  water  ;  or,  when  a  railway  train  is 
running  with  uniform  velocity,  the  force  of  the  engine  does  not  change,  but 
only  maintains  its  motion  in  opposition  to  the  forces,  such  as  friction  and  the 
resistance  of  the  air,  which  tend  to  destroy  it. 

These  two  classes  of  cases — namely,  first,  those  in  which  forces  cause  a 
change  of  motion  ;  and  secondly,  those  in  which  they  prevent,  wholly  or  in 
part,  such  a  change  being  produced  by  other  forces —include  all  the  effects 
to  which  the  action  of  forces  can  give  rise.  When  acting  in  either  of  these 
ways,  a  force  is  said  to  rio  work  :  an  expression  which  is  used  scientifically 
in  a  sense  somewhat  more  precise,  but  closely  accordant  with  that  in  which 
it  is  used  in  common  language.  A  little  reflection  will  make  it  evident  that, 
in  all  cases  in  which  we  are  accustomed  to  speak  of  work  being  done-»- 
whether  by  men,  horse-power,  or  steam-power,  and  however  various  the 
products  may  be  in  different  cases— the  physical  part  of  the  process  consists 
solely  in  producing  or  changing  motion,  or  in  keeping  up  motion  in  opposition 
to  resistance,  or  in  a  combination  of  these  actions.  The  reader  will  easily 
convince  himself  of  this  by  calling  to  mind  what  the  definite  actions  are  which 
constitute  the  work  done  by  (say)  a  navvy,  a  joiner,  a  mechanic,  a  weaver ;  that 
done  by  a  horse,  whether  employed  in  drawing  a  vehicle  or  in  turning  a  gin  ; 
or  that  of  a  steam-engine,  whether  it  be  used  to  drag  a  railway  train  or  to 
tirivc  machinery.  In  all  cases  the  work  done  is  reducible,  from  a  mechanical 
point  of  view,  to  the  elements  that  have  been  mentioned,  although  it  may  be 
performed  on  different  materials,  with  different  tools,  and  with  different 
degrees  of  skill. 

It  is,  moreover,  easy  to  see  (comp.  52)  that  any  possible  change  or 
motion  may  be  represented  as  a  gain  by  the  moving  body  of  an  additional 
Cpositive  or  negative)  velocity  either  in  the  direction  of  its  previous  motion, 
or  at  right  angles  to  it  ;  but  a  body  which  gains  velocity  is  (27)  said  to  be 
accelerated.  Hence,  what  has  been  said  above  may  be  summed  up  as 
follows  : — liVien  a  force  produces  acceleration,  or  when  it  maintains  motion 
unchanged  in  opposition  to  resistance,  it  is  said  to  do  work. 

60.  BKeasnre  of  "Work. —  In  considering  how  work  is  to  be  measured, 
or  how  the  relation  between  different  quantities  of  work  is  to  be  expressed 
numerically,  we  have,  in  accordance  with  the  above,  to  consider,  first,  work 
of  acceleration  ;  and  secondly,  work  against  resistance.  But  in  order  to  make 
the  evaluation  of  the  two  kinds  of  work  consistent,  we  must  bear  in  mind 
that  one  and  the  same  exertion  of  force  will  result  in  work  of  either  kind 
according  to  the  conditions  under  which  it  takes  place  :  thus,  the  force  of 
gravity  acting  on  a  weight  let  fall  from  the  hand  causes  it  to  move  with  a 
continually  accelerated  velocity  until  it  strikes  the  ground  ;  but  if  the  same 
weight,  instead  of  being  allowed  to  fall,  freely  through  the  air,  be  hung  to  a 
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cord  passing  round  a  cylinder  by  means  of  which  various  degrees  of  friction 
can  be  applied  to  hinder  its  descent,  it  can  be  made  to  fall  with  a  very  small 
and  practically  uniform  velocity.  Hence,  speaking  broadly,  it  may  be  said 
that,  in  the  former  case,  the  work  done  by  gravity  upon  the  weight  is  work  of 
acceleration  only,  while  in  the  latter  case  it  is  work  against  resistance  (friction) 
only.  But  it  is  very  important  to  note  that  an  essential  condition,  without 
which  a  force,  however  great,  cannot  do  work  either  of  one  kind  or  the  other, 
is  that  the  thing  acted  on  by  it  shall  move  while  the  force  continues  to  act. 
This  is  obvious,  for  if  no  motion  takes  place  it  clearly  cannot  be  either 
accelerated  or  maintained  against  resistance.  The  motion  of  the  body  on 
which  a  force  acts  being  thus  necessarily  involved  in  our  notion  of  work 
being  done  by  the  force,  it  naturally  follows  that,  in  estimating  how  much 
work  is  done,  we  should  consider  how  much — that  is  to  say,  how  far — the 
body  moves  while  the  force  acts  upon  it.  This  agrees  with  the  mode  of 
e^stimating  quantities  of  work  in  common  life,  as  will  be  evident  if  we  consider 
a  very  simple  case—  for  instance,  that  of  a  labourer  employed  to  carry  bricks 
up  to  a  scaffold  :  in  such  a  case  a  double  number  of  bricks  carried  would 
represent  a  double  quantity  of  work  done,  but  so  also  would  a  double  height 
of  the  scaffold,  for  whatever  amount  of  work  is  done  in  raising  a  certain 
number  to  a  height  of  twenty  feet,  the  same  amount  must  be  done  again  to 
raise  them  another  twenty  feet,  or  the  amount  of  work  done  in  raising  the 
bricks  forty  feet  is  twice  as  great  as  that  done  when  they  are  raised  only 
twenty  feet.  It  is  also  to  be  noted  that  no  direct  reference  to  time  enters 
into  the  conception  of  a  quantity  of  work  :  if  we  want  to  know  how  much 
work  a  labourer  has  done,  we  do  not  ask  how  long  he  has  been  at  work,  but 
what  he  has  done — for  instance,  how  many  bricks  he  has  carried,  and  to  what 
height  ;— and  our  estimate  of  the  total  amount  of  work  is  the  same  whether 
the  man  has  spent  hours  or  days  in  doing  it. 

The  foregoing  relations  between  force  and  work  may  be  put  into  definite 
mathematical  language  as  follows  : — If  the  point  of  application  of  a  force 
moves  in  a  straight  line,  and  if  the  part  of  the  force  resolved  along  this  line 
acts  in  the  direction  of  the  motion,  the  product  of  that  component  and  the 
length  of  the  line  is  the  work  done  by  the  force.  If  the  component  acts  in 
the  opposite  direction  to  the  motion,  the  component  may  be  considered  as  a 
resistance,  and  the  product  is  work  done  against  the  resistance.  Thus,  in 
.43),  if  we  suppose  a  to  move  up  the  plane  from  R  to  S,  the  work  done  by  P 
ib  P  X  RS  :  the  work  done  against  the  resistance  W  is  W  sin  x  x  RS.  It  will 
be  observed  that  if  the  forces  are  in  equilibrium  during  the  motion,  so  that 
the  velocity  of  a  is  uniform,  P  equals  W  sin  ,r,  and  consequently  the  work 
done  by  the  power  equals  that  done  against  the  resistance.  Also,  since  RS 
sin  X  equals  ST,  the  work  done  against  the  resistance  equals  W  x  ST.  In 
other  words,  to  raise  W  from  R  to  S  requires  the  same  amount  of  work  as  to 
raise  it  from  T  to  S. 

If,  however,  the  forces  are  not  in  equilibrium,  the  motion  of  a  will  not  be 
uniform,  but  accelerated  ;  the  work  done  upon  it  will  nevertheless  still  be 
represented  by  the  product  of  the  force  into  the  distance  through  which  it 
acts.  In  order  to  ascertain  the  relation  between  the  amount  of  work  done 
and  the  change  produced  by  it  in  the  velocity  of  the  moving  mass,  we  must 
recall  one  or  two  elementary  mechanical  principles.     Let  F  be  the  res' ' 
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force  resolved  along  the  direction  of  motion,  and  S  the  distance  through 
which  its  point  of  application  moves  :  then,  according  to  what  has  been  said, 
the  work  done  by  the  force  -  FS.  Further,  it  has  been  pointed  out  (29)  that 
a  constant  force  is  measured  by  the  momentum  produced  by  it  in  a  unit  of 
time  :  hence,  if  T  be  the  time  during  which  the  force  acts,  V  the  velocity  of 
the  mass  M  at  the  beginning  of  this  period,  and  V,  the  velocity  at  the  end, 
the  momentum  produced  during  the  time  T  is  MV,  —  MV,  and  consequently 
the  momentum  produced  in  a  unit  of  time,  or,  in  other  words,  the  measure 

of  the  force,  is 

P_M(V,-V) 

"      T        • 

The  distance  S  through  which  the  mass  M  moves  while  its  velocity 
changes  from  the  value  V  to  the  value  V,  is  the  same  as  if  it  had  moved 
during  the  whole  period  T  with  a  velocity  equal  to  the  average  value  of  the 
varying  velocity  which  it  actually  possesses.  But  a  constant  force  acting 
upon  a  constant  mass  causes  its  velocity  to  change  at  a  uniform  rate ;  hence, 
in  the  present  case,  the  average  velocity  is  simply  the  arithmetical  mean  of 
the  initial  and  final  velocities,  or 

S  =  }(V^xV)T. 

Combining  this  with  the  last  equation,  we  get  as  the  expression  for  the 
work  done  by  the  force  F  : 

FS-AM(V,«-V2); 

or,  in  words,  when  a  constant  force  acts  on  a  mass  so  as  to  change  its  velocity, 
the  work  done  by  the  force  is  equal  to  half  the  product  of  the  mass  into  the 
change  of  the  square  of  the  velocity. 

The  foregoing  conclusion  has  been  arrived  at  by  supposing  the  force  F 
to  be  constant,  but  it  is  easy  to  show  that  it  holds  good  equally  if  F  is  the 
average  magnitude  of  a  force  which  varies  from  one  part  to  another  of  the 
total  distance  through  which  it  acts.  To  prove  this,  let  the  distance  S  be 
subdivided  into  a  very  great  number  n  of  very  small  parts,  each  equal  to  j, 
so  that  ns  »  S.  Then,  by  supposing  s  to  be  sufficiently  small,  we  may,  with- 
out any  appreciable  error,  consider  the  force  as  constant  within  each  of  these 
intervals,  and  as  changing  suddenly  as  its  point  of  application  passes  from 
one  interval  to  the  next.  Let  Fj,  Fg,  F,  .  .  .  .  F«,  be  the  forces  acting 
throughout  the  ist,  2nd,  3rd  ...  .  wth  interval  respectively,  and  let  the 
velocity  at  the  end  of  the  same  intervals  be  v^y  v^^  t/^,  .  .  .  .  ^/^(.V,), 
respectively ;    then,  for    the    work  done   in   the  successive  intervals,   we 

have — 

F,j  =  t^M(V-V«) 


or,  for  the  total  work, 

(F,  +  F,  +  F3  + +  F„)j-JM(Vi«-z/0; 


-«1]  Unit  of  Work.  45 

where  the  quantity  of  the  left-hand  side  of  the  equation  may  also  be  written 

^«:t?i:!L_-_J_tlj?«j-FS,  if  we  put  F  to  stand  for  the  average  (or  arith- 
n 

metical  mean)  of  the  forces  F„  F^,  &c. 

An  important  special  case  of  the  application  of  the  above  formula  arises 

when  either  the  initial  or  the  final  velocity  of  the  mass  M  is  nothing  ;  that 

is  to  say,  when  the  effect  of  the  force  is  to  make  a  body  pass  from  a  state 

of  rest  into  one  of  motion,  or  from  a  state  of  motion  into  one  of  rest.    The 

general  expression  then  assumes  one  of  the  following  forms,  namely : — 

FS-JMVi»or, 
-FS-iMV=»; 

the  first  of  which  denotes  the  quantity  of  work  which  must  be  done  on  a  body 
of  mass  M  in  order  to  give  to  it  the  velocity  V,,  while  the  second  expresses 
the  work  that  must  be  done  in  order  to  bring  the  same  mass  to  rest  when  it 
is  moving  with  the  velocity  V^,,  the  negative  sign  in  the  latter  case  showing 
that  the  force  here  acts  in  opposition  to  the  actual  motion,  and  is  therefore 
to  be  regarded  as  a  resistance. 

In  practice,  the  case  which  most  frequently  occurs  is  where  work  of  ac- 
celeration and  work  against  resistance  are  performed  simultaneously.  Thus, 
recurring  to  the  inclined  plane  already  referred  to  in  art.  43  ;  if  the  force  P 
(where  P  is  the  constant  force  with  which  the  string  pulls  W  up  the  plane) 
be  greater  than  W  sin  x,  the  body  W  will  move  up  the  incline  with  a  con- 
tinually increasing  velocity,  and  if  the  point  of  application  of  P  be  displaced 
from  R  to  S,  the  total  amount  of  work  done,  namely,  P  x  RS,  consists  of  a 
portion  »  W  sin  x  RS,  done  against  the  resistance  of  the  weight  W,  and  of  a 
portion  -  (P  — W  sin  x)  RS  expended  in  accelerating  the  weight.  Hence,  to 
determine  the  velocity  v  with  which  W  arrives  at  the  top  of  the  incline  we 
have  the  equation 

(P-Wsinjr)  RS-iWz/"^; 

for  the  portion  of  P  which  is  in  excess  of  what  is  required  to  produce  equili- 
brium vk-ith  the  weight  W,  namely,  P-W  sin  x^  corresponds  to  the  resultant 
force  F  supposed  in  the  foregoing  discussion,  and  RS  to  the  distance  through 
which  this  resultant  force  acts. 

61.  Volt  of  ^ITork. — For  strictly  scientific  purposes  a  unit  of  work  is 
taken  to  be  the  work  done  by  a  unit  of  force  when  its  point  of  application 
moves  through  one  foot  in  the  direction  of  its  action  ;  but,  as  a  convenient 
and  sufficiently  accurate  standard  for  practical  purposes,  the  quantity  of  work 
which  is  done  in  lifting  i  pound  through  the  height  of  i  foot  is  commonly 
adopted  as  the  unit,  and  this  quantity  of  work  is  spoken  of  as  one  *  foot- 
pound.' It  is,  however,  important  to  observe  that  the  foot-pound  is  not  per- 
fectly invariable,  since  the  weight  of  a  pound,  and  therefore  the  work  done 
in  lifting  it  through  a  given  height,  differs  at  different  places,  being  a  little 
greater  near  the  Poles  than  near  the  Equator. 

On  the  metrical  system  the  kilogram  metre  is  the  unit ;  it  is  the  weight  of 
a  kilogramme  raised  through  a  height  of  a  metre.  This  is  equal  to  724 
foot-|K)unds,  and  one  foot-pound  -  -1381  of  a  kilogrammelre. 
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62.  Bnerry. — The  fact  that  any  agent  is  capable  of  doing  work  is  usually 
expressed  by  saying  that  it  possesses  Energy,  and  the  quantity  of  energy  it 
possesses  is  measured  by  the  amount  of  work  it  can  do.  For  example,  in 
the  case  of  the  inclined  plane  above  referred  to,  the  working  power  or  energy 
of  the  force  P  is  P  x  RS  ;  and  if  this  force  acts  under  the  conditions  last 
supposed,  by  the  time  its  own  energy  is  exhausted  (in  consequence  of  its 
point  of  application  having  arrived  at  S,  the  limit  of  the  range  through  which 
it  is  supposed  able  to  act),  it  has  conferred  upon  the  weight  W  a  quantity  of 
energy  equal  to  that  which  has  been  expended  ;  for,  in  the  first  place,  W 
has  been  raised  throujjh  a  vertical  height  equal  to  ST,  and  could  by  falling 
again  through  the  same  height  do  an  amount  of  work  represented  by  W  x  ST ; 
and  in  the  second  place  W  can  do  work  by  virtue  of  the  velocity  that  has 
been  imparted  to  it,  and  can  continue  moving  in  opposition  to  any  given 
resistance  R  through  a  distance  s,  such  that 

Rj  =  }\W. 

The  energy  possessed  by  the  mass  M  in  consequence  of  having  been  raised 
from  the  ground  is  commonly  distinguished  as  energy  0/ position  or  potential 
energy^  and  is  measured  by  the  product  of  the  force  tending  to  cause  motion 
into  the  distance  through  which  the  point  of  application  of  the  force  is 
capable  of  being  displaced  in  the  direction  in  which  the  force  acts.  The 
energy  possessed  by  a  body  in  consequence  of  its  velocity  is  commonly  dis- 
tinguished as  energy  of  motion^  or  kinetic  energy  :  it  is  measured  by  half  the 
product  of  the  moving  mass  into  the  square  of  its  velocity. 

63.  Varieties  of  Snernr- — It  will  be  seen,  on  considering  the  definition 
of  work  given  above,  that  a  force  is  said  to  do  work  when  it  produces  any 
change  in  the  condition  of  bodies  ;  for  the  only  changes  which,  according  to 
the  definition  oi  force  given  previously  (26),  a  force  is  capable  of  producing, 
are  changes  in  the  state  of  rest  or  motion  of  bodies  and  changes  of  their 
place,  in  opposition  to  resistances  tending  to  prevent  motion  or  to  produce 
motion  in  an  opposite  direction.  There  are,  however,  many  other  kinds  of 
physical  changes  which  can  be  produced  under  appropriate  conditions,  and 
the  recent  progress  of  investigation  has  shown  that  the  conditions  under 
which  changes  of  all  kinds  occur  are  so  far  analogous  to  those  required  for 
the  production  of  work  by  mechanical  forces  that  the  term  work  has  come 
to  be  used  in  a  more  extended  sense  than  formerly,  and  is  now  often  used  to 
signify  the  production  of  any  sort  of  physical  change. 

Thus  work  is  said  to  be  done  when  a  body  at  a  low  temperature  is  raised 
to  a  higher  temperature,  just  as  much  as  when  a  weight  is  raised  from  a 
lower  to  a  higher  level ;  or,  again,  work  is  done  when  any  electrical,  magnetic, 
or  chemical  change  is  produced.  This  extension  of  the  meaning  of  the  term 
work  involves  a  similar  extension  of  the  meaning  of  energy,  which  in  this 
wider  sense  may  be  defined  as  the  capacity  for  producing  physical  change. 

As  examples  of  energ>'  in  this  more  general  sense  the  following  may  be 
mentioned  : — {a)  the  energy  possessed  by  gunpowder  in  virtue  of  the  mutual 
chemical  affinities  of  its  constituents,  whereby  it  is  capable  of  doing  work  by 
generating  heat  or  by  acting  on  a  cannon  ball  so  as  to  change  its  state  of 
rest  into  one  of  rapid  motion  ;  {b)  the  energ>'  of  a  charged  Leyden  jar  which, 
according  to  the  way  in  which  the  jar  is  discharged,  can  give  rise  to  changes 
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of  temperature,  to  changes  of  chemical  composition,  to  mechanical  changes, 
or  to  changes  of  magnetic  or  electrical  condition  ;  (c)  the  energy-  of  a  red-hot 
ball,  which,  amongst  other  effects  it  is  capable  of  producing,  can  raise  the 
temperature  and  increase  the  volume  of  bodies  colder  than  itself,  or  can 
change  ice  into  water  or  water  into  steam ;  the  energ>'  of  the  stretched 
string  of  a  bow :  here  work  has  been  consumed  in  stretching  the  string ; 
vben  it  is  released  the  work  reappears  in  the  velocity  imparted  to  the  arrow. 

64.  Ty—Upt— tt—  of  Bneryy. — It  has  been  found  by  experiment 
that  when  one  kind  of  energ)'  disappears  or  is  expended,  energy  of  some 
other  kind  is  produced,  and  that,  under  proper  conditions,  the  disappearance 
of  any  one  of  the  known  kinds  of  energy*  can  be  made  to  give  rise  to  a  greater 
or  less  amount  of  any  other  kind.  One  of  the  simplest  illustrations  that  can 
be  given  of  this  transformation  of  energ>-  is  afforded  by  the  oscillations  of  a 
pendulum.  When  the  pendulum  is  at  rest  in  its  lowest  position  it  does  not 
possess  any  energy,  for  it  has  no  power  of  setting  either  itself  or  other  bodies 
in  motion,  or  of  producing  in  them  any  kind  of  change.  In  order  to  set  the 
pendulum  oscillating,  work  must  be  done  upon  it,  and  it  thereafter  possesses 
an  amount  of  energy  corresponding  to  the  work  that  has  been  e.xpended. 
^^lien  it  has  reached  either  end  of  its  path,  the  pendulum  is  for  an  instant  at 
rest ;  but  it  possesses  energ>'  by  virtue  of  its  position,  and  can  do  an  amount  of 
'»x>rk  while  falling  to  its  lowest  position,  which  is  represented  by  the  product 
of  its  weight  into  the  vertical  height  through  which  its  centre  of  gravity  de- 
scends. When  at  the  middle  of  its  path  the  pendulum  is  passing  through  its 
position  of  equilibrium,  and  has  no  power  of  doing  work  by  falling  lower  ; 
but  it  now  possesses  energ>'  by  virtue  of  the  velocity  which  it  has  gained,  and 
this  energy-  is  able  to  carry  it  up  on  the  second  side  of  its  lowest  position  to 
a  hei^jht  equal  to  that  from  which  it  has  descended  on  the  first  side.  By  the 
time  it  reaches  this  position  the  pendulum  has  lost  all  its  velocity,  but  it  has 
re-^'ained  the  power  of  falling  :  this,  in  its  turn,  is  lost  as  the  pendulum  returns 
a^n  to  its  lowest  position,  but  at  the  same  time  it  regains  its  previous 
velocity.  Thus,  during  ever>'  quarter  of  an  oscillation  the  euerg)'  of  the 
pendulum  changes  from  potential  energ>'  of  position,  into  actual  energ)'  or 
energ)-  of  motion,  or  vice  versd. 

A  more  complex  case  of  the  transformation  of  energ>'  is  afforded  by  a 
themio-electric  pile,  the  terminals  of  which  are  connected  by  a  conducting 
*ire :  the  application  of  energy  in  the  form  of  heat  to  one  face  of  the  pile 
ftives  rise  to  an  electric  current  in  the  wire,  which,  in  its  turn,  reproduces 
heat,  or  by  proper  arrangements  can  be  made  to  produce  chemical,  magnetic, 
or  mechanical  effects,  such  as  those  described  below  in  the  chapters  on 
FJearicity. 

It  has  also  been  found  that  the  transformations  of  energ)-  always  take 
place  according  to  fixed  proportions.  For  inst.ance,  when  coal  or  any  other 
combustible  is  burned,  its  chemical  energ>',  or  power  of  combining  with 
oxygen,  vanishes,  and  heat  or  thermal  energ>'  is  produced,  and  the  quantity 
^•f  heat  produced  by  the  combustion  of  a  given  amount  of  coal  is  fixed  and 
invariable.  If  the  combustion  take  place  under  the  boiler  of  a  steam-engine, 
niechanical  work  can  be  obtained  "by  the  expenditure  of  part  of  the  heat  pro- 
duced, and  here  again  the  quantitative  relation  between  the  heat  expen'*"'^ 
and  the  work  gained  in  place  of  it  is  perfectly  constant. 


48  On  Matter,  Force,  and  Motion.  [65- 

65.  OoBserratloB  of  Bneryy. — Another  result  of  great  importance  which 
has  been  arrived  at  by  experiment  is  that  the  total  amount  of  energy  possessed 
by  any  system  of  bodies  is  unaltered  by  any  transformations  arising  from  the 
action  of  one  part  of  the  system  upon  another,  and  can  only  be  increased  or 
diminished  by  effects  produced  on  the  system  by  external  agents.  In  this 
statement  it  is  of  course  understood  that  in  reckoning  the  sum  of  the  energy 
of  various  kinds  which  the  system  may  possess,  those  amounts  of  the 
different  forms  of  energy  which  are  mutually  convertible  into  each  other  are 
taken  as  being  numerically  equal ;  or,  what  comes  virtually  to  the  same 
thing,  the  total  energy  of  the  system  is  supposed  to  be  reduced — either  ac- 
tually, or  by  calculation  from  the  known  ratio  of  transformation  of  the  various 
forms  of  energy— to  energy  of  some  one  kind ;  then  the  statement  is  equivalent 
to  this  :  that  the  total  energy  of  any  one  form  to  which  the  energy  of  a  given 
system  of  bodies  is  reducible  is  unalterable  so  long  as  the  system  is  not  acted 
on  from  without.  Practically  it  is  always  possible,  in  one  way  or  another,  to 
convert  the  whole  of  the  energy  possessed  by  any  body  or  system  of  bodies 
into  heat,  but  it  cannot  be  all  converted  without  loss  into  any  other  form  ot 
energy  ;  hence  the  principle  stated  at  the  beginning  of  this  article  can  be 
enunciated  in  the  closest  conformity  with  the  direct  results  of  experiment,  by 
saying  that,  so  long  as  an  system  of  bodies  is  not  acted  on  from  without 
the  total  quantity  of  heat  that  can  be  obtained  from  it  is  unalterable  by  any 
changes  which  may  go  on  within  the  system  itself.  For  instance,  a  quantity 
of  air  compressed  into  the  reservoir  of  an  air-gun  possesses  energy  which  is 
represented  partly  by  the  heat  which  gives  to  it  its  actual  temperature  above 
the  absolute  zero  (460),  and  partly  by  the  work  which  the  air  can  do  in  ex- 
panding. This  latter  portion  can  be  converted  into  heat  in  various  ways  ; 
as,  for  example,  by  allowing  the  air  to  escape  through  a  system  of  capillary 
tubes,  so  fine  that  the  air  issues  from  them  without  any  sensible  velocity.  If, 
however,  the  expanding  air  be  employed  to  propel  a  bullet  from  the  gun,  it 
produces  considerably  less  heat  than  in  the  case  previously  supposed,  the 
deficiency  being  represented  for  a  time  by  the  energy  of  the  moving  bullet, 
but  reappearing  in  the  form  of  heat  in  the  friction  of  the  bullet  against  the 
air,  and,  when  the  motion  of  the  bullet  is  destroyed,  by  striking  against  an 
inelastic  obstacle  at  the  same  level  as  the  gun.  But  whatever  the  mode  and 
however  numerous  the  intermediate  steps  by  which  the  energy  of  the  com- 
pressed air  is  converted  into  heat,  the  total  quantity  of  heat  finally  obtainable 
from  it  is  the  same. 
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BOOK   II. 

GRAVITATION  AND   MOLECULAR  ATTRACTION. 


CHAPTER    I. 

GRAVITY.   CENTRE  OF  GRAVITY.   THE  BALANCE. 

66.  ValTersAl  AttimotloB :  its  &awb. —  Universal  attraction  is  a  force 
in  virtue  of  which  the  material  particles  of  all  bodies  tend  incessantly  to 
approach  each  other ;  it  is  a  mutual  action,  however,  which  all  bodies,  at 
rest  or  in  motion,  exert  upon  one  another,  no  matter  how  great  or  how  small 
the  space  between  them  may  be,  or  whether  this  space  be  occupied  or  un- 
occupied by  other  matter. 

A  vague  hypothesis  of  the  tendency  of  the  matter  of  the  earth  and  stars 
to  a  common  centre  was  adopted  even  by  Democritus  and  Epicurus.  Kepler 
assumed  the  existence  of  a  mutual  attraction  between  the  sun,  the  earth,  and 
the  other  planets.  Bacon,  Galileo,  and  Hooke  also  recognised  the  existence 
of  universal  attraction.  But  Newton  was  the  first  who  established  the  law, 
and  the  universality  of  gravitation. 

Since  Newton's  time  the  attraction  of  matter  by  matter  was  experiment- 
ally established  by  Cavendish.  This  eminent  English  physicist  succeeded 
by  means  of  a  delicate  torsion  balance  (89)  in  rendering  visible  the  attraction 
between  a  large  leaden  and  a  small  copper  ball. 

The  attraction  between  any  two  bodies  is  the  resultant  of  the  attractions 
of  each  molecule  of  the  one  upon  every  molecule  of  the  other  according  to 
the  law  of  Newton,  which  may  be  thus  expressed  :  the  attraction  be/ween 
tu'o  materia!  particles  is  directly  proportional  to  the  product  of  their  masses 
find  inversely  proporlional  to  the  square  of  their  distances  asunder.  To 
illustrate  this,  we  may  take  the  case  of  two  spheres  which,  owing  to  their 
symmetr>',  attract  each  other  just  as  if  their  masses  were  concentrated  in 
their  centres.  If  without  other  alteration  the  mass  of  one  sphere  were 
doubled,  tripled,  &c.,  the  attraction  between  them  would  be  doubled,  tripled 
ic.  If,  however,  the  mass  of  one  sphere  being  doubled,  that  of  the  other 
Here  increased  three  times,  the  distance  between  their  centres  remaining  the 
same,  the  attraction  would  be  increased  six  times.  Lastly,  if,  without  alter- 
in;;  their  masses,  the  distance  between  their  centres  were  increased  from  i 
t'*  2,  3,   4,  ...  .  units,   the   attraction   would  be  diminished  to  the  4th, 
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9th,  i6th,  ....  part  of  its  former  intensity.  In  short,  if  we  define  the 
unit  of  attraction  as  that  which  would  exist  between  two  units  of  mass 
whose  distance  asunder  was  the  unit  of  length,  the  attraction  of  two  mole- 
cules, having  the  masses  tn  and  ;;/',  at  the  distance  r,  would  be  expressed  by 
;/////' 

67.  Terrestrial  rraTltatlon. — The  tendency  of  any  body  to  fall  towards 
the  earth  is  due  to  the  mutual  attraction  of  that  body  and  the  earth,  or  to 
terrestrial  gravitation,  and  is,  in  fact,  merely  a  particular  case  of  universal 
attraction. 

At  any  point  of  the  earth's  surface,  the  direction  of  gravity — that  is,  the 
line  which  a  falling  body  describes — is  called  the  vertical  line.  The  vertical 
lines  drawn  at  different  points  of  the  earth's  surface  converge  very  nearly  to 
the  earth's  centre.  For  points  situated  on  the  same  meridian  the  angle  con- 
tained between  the  vertical  lines  equals  the  difference  between  the  latitudes 
of  those  points. 

The  directions  of  the  earth's  attraction  upon  neighbouring  bodies,  or  upon 
different  molecules  of  one  and  the  same  body,  must,  therefore,  be  considered 
as  parallel,  for  the  two  vertical  lines  form  the  sides  of  a  triangle  whose  vertex 
is  near  the  earth's  centre,  about  4,000  miles  distant,  and  whose  base  is  the 
small  distance  between  the  molecules  under  consideration. 

A  plane  or  line  is  said  to  be  horizontal  when  it  is  perpendicular  to  the 
vertical  line. 

The  vertical  line  at  any  point  of  the  globe  is  generally  determined  by  the 
plumb-line  (fig.  40),  which  consists  of  a  weight  attached  to  the  end  of  a  string. 

It  is  evident  that  the  weight  cannot  be  in  equilibrium  un- 
less the  direction  of  the  earth's  attraction  upon  it  passes 
through  the  point  of  support,  and  therefore  coincides  with 
that  of  the  string. 

The  horizontal  plane  is  also  determined  with  great 
ease,  since  it  coincides,  as  will  be  afterwards  sho^^n,  with 
the  level  surface  of  every  liquid  when  in  a  state  of  equili- 
brium. 

When  the  mean  figure  of  the  earth  has  been  approxi- 
mately determined,  it  becomes  possible  to  compare  the 
direction  of  the  plumb-line  at  any  place  with  that  of  the 
normal  to  the  mean  figure  at  that  place.  When  any  differ- 
ence in  these  directions  can  be  detected,  it  constitutes  a 
f'ig-  40.  dei.'iation  of  the  plumb-line,  and  is  due  to  the  attraction  of 

some  great  mass  of  matter  in  the  neighbourhood,  such  as  a  mountain. 
Thus,  in  the  case  of  the  mountain  of  Schehallien,  in  Perthshire,  it  was  found 
by  Dr.  Maskelync  that  the  angle  between  the  directions  of  two  plumb-lines, 
one  at  a  station  to  the  north,  and  the  other  to  the  south,  of  the  mountain, 
was  greater  by  1 1  "d  than  the  angle  between  the  normals  of  the  mean  surface 
of  the  earth  at  those  points  ;  in  other  words,  each  plumb-line  was  deflected 
by  about  6"  towards  the  mountain.  By  calculating  the  volume  and  mass  of 
the  mountain,  it  was  inferred  from  this  observation  that  the  mean  density  of 
the  mountain  was  to  that  of  the  earth  in  the  ratio  of  5  19,  and  that  the  mean 
density  of  the  earth  is  about  five  times  that  of  water — a  result  agreeing 
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pretty  closely  with  that  deduced  from  Cavendish's  experiments  referred  to  in 
the  last  article. 

68.  Centre  ef  rraTitjt  Its  ezperlmental  determinatleii. — Into  what- 
ever position  a  body  may  be  turned  with  respect  to  the  earth,  there  is  a 
certain  point,  invariably  situated  with  respect  to  the  body,  through  which 
the  resultant  of  the  attracting  forces  between  the  earth  and  its  several  mole- 
cules always  passes.  This  point  is  called  the  centre  of  gravity :  it  may  be 
within  or  without  the  body,  according  to  the  form  of  the  latter ;  its  existence, 
however,  is  easily  established  by  the  following  considerations  :  Let  m  m'  m" 
w"'.  .  .  .  (fig.  41)  be  molecules  of  any  body.  The. earth's  attraction  upon 
these  molecules  will  constitute  a  system  of  parallel  forces,  having  a  common 
vertical  direction,  whose  resultant,  according  to  (35)  will  be  found  by  seek- 
ing first  the  resultant  of  the  forces  which  act  on  any  two  molecules,  m  and 
m\  then  that  of  this  resultant,  and  a  third  force  acting  on  m'\  and  so  on 
until  we  arrive  at  the  final  resultant,  W,  representing  the  weight  of  the  body, 
and  applied  at  a  certain  point,  G.  If  the  body  be  now  turned  into  the 
position  shown  in  fi%.  42,  the  molecules  m^  m\  m'\  .  .  will  continue  to  be 


Fig.  4T. 


Fig.  4a. 


acted  on  by  the  same  forces  as  before,  the  resultant  of  the  forces  on  ///  and 
m'  will  pass  through  the  same  point  o  in  the  line  mm\  the  following  re- 
sultant will  again  pass  through  the  same  point  o'  in  om'\  and  so  on  up  to  the 
final  resultant  P,  which  will  still  pass  through  the  same  point  G,  which  is 
the  centre  of  gravity. 

To  find  the  centre  of  gravity  of  a  body  is  a  purely  geometrical  problem  ; 
in  many  cases,  however,  it  can  be  at  once  determined.     For  instance,  the 
centre  of  gravity  of  a  right  line  of  uniform  density  is  the  point  which  bisects 
its  length  ;  in  the  circle  and  sphere  it  coincides  with  the  geometrical  centre  ; 
in  cylindrical  bars  it  is  the  middle  point  of  the  axis.     The  centre  of  gravity  f 
of  a  plane  triangle  is  in  the  line  which  joins  any  vertex  with  the  middle  of 
the  opposite  side,  and  at  a  distance  from  the  vertex  equal  to  two-thirds  of.' 
this  line  :  in  a  cone  or  pyramid  it  is  in  the  line  which  joins  the  vertex  with* 
the  centre  of  gravity  of  the  base,  and  at  a  distance  from  the  vertex  equal  to 
three-fourths  of  this  line.     These  rules,  it  must  be  remembered,  presuppose 
that  the  several  bodies  are  of  uniform  density. 

In  order  to  determine  experimentally  the  centre  of  gravity  of  a  body,  it 
is  suspended  by  a  stnng  in  two  different  positions,  as  shown  in  figs.  43  and 
44  ;  the  point  where  the  directions  AB  and  CD  of  the  string  in  the  two  ex- 
periments intersect  each  other  is  the  centre  of  gravity  required.     For,  the 
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Fig.  43- 


Fijr.  44- 


resultant  of  the  earth's  attraction  being  a  vertical  force  applied  at  the  centre 
of  gravity,  the  body  can  only  be  in  equilibrium  when  this  point  lies  vertically 
under  the  point  of  suspension  ;  that  is,  in  the  prolongation  of  the  suspended 

string.  But  the  centre  of  gravity, 
being  in  AB  as  well  as  in  CD,  must 
coincide  with  the  point  of  intersec- 
tion of  these  two  lines. 

69.  BqulUlMrliim  of  lieavjr 
bodies. — Since  the  action  of  gravity 
upon  a  body  reduces  itself  to  a 
single  vertical  force  applied  at  the 
centre  of  gravity  and  directed  to- 
wards the  earth's  centre,  equili- 
brium will  be  established  only  when 
this  resultant  is  balanced  by  the 
resultant  of  other  forces  and  resist- 
ances acting  on  the  body  at  the 
fixed  point  through  which  it  passes. 
When  only  one  point  of  the 
body  is  fixed,  it  will  be  in  equili- 
brium if  the  vertical  line  through  its  centre  of  gravity  passes  through  the  fixed 
point.  If  more  than  one  point  is  supported,  the  body  will  be  in  equilibrium 
if  a  vertical  line  through  the  centre  of  gravity  passes  through  a  point  within 
the  polygon  formed  by  joining  the  points  of  support. 

The  Leaning  Tower  of  Pisa  continues  to  stand  because  the  vertical  line 
dra^^Ti  through  its  centre  of  gravity  passes  within  its  base. 

It  is  easier  to  stand  on  our  feet  than  on  stilts,  because  in  the  latter  case 
the  smallest  motion  is  sufficient  to  cause  the  vertical  line  through  the  centre 
of  gravity  of  our  bodies  to  pass  outside  the  supporting  base,  which  is  here 
reduced  to  a  mere  line  joining  the  feet  of  the  stilts.  Again,  it  is  impossible 
to  stand  on  one  leg  if  we  keep  one  side  of  the  foot  and  head  close  to  a  vertical 
wall,  because  the  latter  prevents  us  from  throwing  the  body's  centre  of  gravity 
vertically  above  the  supporting  base. 

70.  BifTerent  states  of  eqaUlbiinm. — Although  a  body  supported  by  a 
fixed  point  is  in  equilibrium  whenever  its  centre  of  gravity  is  in  the  vertical 
line  through  that  point,  the  fact  that  the  centre  of  gravity  tends  incessantly 
to  occupy  the  lowest  possible  position  leads  us  to  distinguish  between  three 
states  of  equilibrium— j/a^/^,  unstable,  neutral. 

A  body  is  said  to  be  in  stable  equilibrium  if  it  tends  to  return  to  its  first 
position  after  the  equilibrium  has  been  slightly  disturbed.  Every  body  is  in 
this  state  when  its  position  is  such  that  the  slightest  alteration  of  the  same 
elevates  its  centre  of  gravity  :  for  the  centre  of  gravity  will  descend  again 
when  permitted,  and  after  a  few  oscillations  the  body  will  return  to  its 
original  position. 

The  pendulum  of  a  clock  continually  oscillates  about  its  position  of  stable 
equilibrium,  and  an  ^gg  on  a  level  table  is  in  this  state  when  its  long  axis 
is  horizontal.  We  have  another  illustration  in  the  toy  represented  in  the 
adjoining  fig.  46.  A  small  figure  cut  in  ivory  is  made  to  stand  on  one  foot 
at  the  top  of  a  pedestal  by  being  loaded  with  two  leaden  balls,  a,  b,  placed 
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sufficiently  low  to  throw  the  centre  of  gravity,  g^  of  the  whole  compound 
body  below  the  foot  of  the  figure.    After  being  disturbed  the  little  figure 
oscillates  like  a  pendulum,  having  its  point  of  suspen- 
sion at  the  toe,  and  its  centre  of  gravity  at  a  lower 
point,  jf. 

A  body  is  said  to  be  in  unstable  equilibtium  when, 
after  the  slightest  disturbance,  it  tends  to  depart  still 
more  from  its  original  position.  A  body  is  in  this  state 
when  its  centre  of  gravity  is  vertically  above  the  point 
of  support,  or  higher  than  it  would  be  in  any  adjacent 


Fig.  45. 


Fii^.  46. 


position  of  the  body.  An  ^%%  standing  on  its  end,  or  a  stick  balanced  upright 
on  the  finger,  is  in  this  state. 

Lastly,  if  in  any  adjacent  position  a  body  still  remains  in  equilibrium,  its 
state  of  equilibrium  is  said  to  be  neutral.  In  this  case  an  aheration  in  the 
position  of  the  body  neither  raises  nor  lowers  its  centre  of  gravity.  A  perfect 
sphere  resting  on  a  horizontal  plane  is  in  this  state. 

Fig.  45  represents  three  cones.  A,  B,  C,  placed  respectively  in  stable, 
unstable,  and  neutral  equilibrium  upon  a  horizontal  plane.  The  letter  g  in 
each  shows  the  position  of  the  centre  of  gravity. 

71.  Tlie  Balance. — The  balance  is  an  instrument  for  determining  the 
relative  weights  or  masses  of  bodies.     There  are  many  varieties. 

The  ordinary  balance  (fig.  47)  consists  of  a  lever  of  the  first  kind,  called 
the  bcam^  AB,  with  its  fulcrum  in  the  middle ;  at  the  extremities  of  the  beam 
are  suspended  two  scale-pans,  C  and  U,  one  intended  to  receive  the  object  to 
be  weighed,  and  the  other  the  counterpoise.  The  fulcrum  consists  of  a  steel 
prism,  ;/,  commonly  called  a  knt/e-edge^  which  passes  through  the  beam,  and 
rests  with  its  sharp  edge,  or  axis  of  suspension^  upon  two  supports ;  these  are 
formed  of  agate,  in  order  to  diminish  the  friction.  A  needle  or  pointer  is 
fixed  to  the  beam,  and  oscillates  with  it  in  front  of  the  graduated  arc,  a : 
when  the  beam  is  perfectly  horizontal  the  needle  points  to  the  zero  of  the 
graduated  arc. 

Since  by  (39)  two  equal  forces  in  a  lever  of  the  first  kind  cannot  be  in 
e(|uilibrium  unless  their  leverages  are  equal,  the  length  of  the  arms  n\  and 
n\\  ought  to  remain  equal  during  the  process  of  weighing.  To  secure  this 
the  scales  are  suspended  from  hooks,  whose  curved  parts  have  sharp  edges, 
and  rest  on  similar  edges  at  the  ends  of  the  beam.  In  this  manner  the 
scales  are  in  eflfect  supported  on  mere  points,  which  remain  unmoved  during 
the  oscillations  of  the  beam.  This  mode  of  suspension  is  represented  in 
hg.  47. 
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72.  Conditions  to  be  satlslled  by  a  balance. — A  good  balance  ought 
to  satisfy  the  following  conditions : — 

i.  The  two  anns  of  the  beam  ought  to  be  precisely  equals  otherwise, 
according  to  the  principle  of  the  lever,  unequal  weights  will  be  required  to 
produce  equilibrium.  To  test  whether  the  arms  of  the  beam  are  equal, 
weights  are  placed  in  the  two  scales,  until  the  beam  becomes  horizontal ; 
the  contents  of  the  scales  being  then  interchanged,  the  beam  will  remain 
horizontal  if  its  arms  are  equal,  but  if  not,  it  will  descend  on  the  side  of  the 
longer  arm. 
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Fig.  47. 

ii.  The  balance  ought  to  be  in  equilibrium  when  the  scales  are  empty^  for 
otherwise  unequal  weights  must  be  placed  in  the  scales  in  order  to  produce 
equilibrium.     It  must  be  borne  in  mind,  however,  that  the  arms  are  not 


Fig.  48. 

necessarily  equal,  even  if  the  beam  remains  horizontal  when  the  scales  are 
empty  ;  for  this  result  might  also  be  produced  by  giving  to  the  longer  arm 
the  lighter  scale. 

iii.  The  beam  being  horizontal^  its  centre  of  gravity  ought  to  be  in  the  same 
vertical  line  with  the  edge  of  the  fulcrum^  and  a  little  below  the  latter^  for 
otherwise  the  beam  would  not  be  in  stable  equilibrium  (70). 
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The  effect  of  changing  the  position  of  the  centre  of  gravity  may  be  shown 
by  means  of  a  beam  (fig.  48),  whose  fulcrum  being  the  nut  of  a  screw,  a,  can 
be  raised  or  lowered  by  turning  the  screw  head,  b, 

Wlien  the  fulcrum  is  at  the  top  of  the  groove  c^  in  which  it  slides,  the 
centre  of  gravity  of  the  beam  is  below  its  edge,  and  the  latter  oscillates  freely 
about  a  position  of  stable  equilibrium.  By  gradually  lowering  the  fulcrum 
its  edge  may  be  made  to  pass  through  the  centre  of  gravity  of  the  beam  when 
the  latter  is  in  neutral  equilibrium  ;  that  is  to  say,  it  no  longer  oscillates,  but 
remains  in  equilibrium  in  all  positions.  When  the  fulcrum  is  lowered  still 
more,  the  centre  of  gravity  passes  above  its  edge,  the  beam  is  in  a  state  of 
unstable  equilibrium,  and  is  overturned  by  the  least  displacement. 

T^,  Helicaoy  of  tlie  balance. — A  balance  is  said  to  be  delicate  when  a 
very  small  difference  between  the  weights  in  the  scales  causes  a  perceptible 
deflection  of  the  pointer. 

Let  A  and  B  (figs.  49  and  50)  be  the  points  from  which  the  scale-pans 
are  suspended,  and  C  the  axis  of  suspension  of  the  beam.  A,  B,  and  C  arc 
assumed  to  be  in  the  same  straight  line,  according  to  the  usual  arrangement. 
Suppose  weights  P  and  Q  to  be  in  the  pans,  suspended  from  A  and  B  re- 
spectively, and  let  G  be  the  centre  of  gravity  of  the  beam  ;  then  the  beam 


Fig.  49. 


Fig.  50. 


will  come  to  rest  in  the  position  shown  in  the  figure,  where  the  line  DCN  is 
vertical,  and  ECG  is  the  direction  of  the  pointer.  According  to  the  above 
statement,  the  greater  the  angle  ECD  for  a  given  difference  between  P  and  (j, 
the  greater  is  the  delicacy  of  the  balance.  Draw  ON  at  right  angles  to  CG. 
Let  W  be  the  weight  of  the  beam,  then  from  the  properties  of  the  lever  it 
follows  that  measuring  moments  with  respect  to  C,  the  moment  of  P  cqu.ils 
the  sum  of  the  moments  of  Q  and  W,  a  condition  which  at  once  leads  to  the 
relation 

(P-Q)AC-WxGN 

Now  it  is  clear  that  for  a  given  value  of  CG  the  angle  GCN  (that  is,  ECD, 
uhich  measures  the  delicacy)  is  great  as  GN  is  greater;  and  from  the 
formula  it  is  clear  that  for  a  given  value  of  P-Q  we  shall  have  GN  greater 
as  AC  is  greater,  and  as  W  is  less.  Again,  for  a  given  value  of  (iN  the  angle 
TiCN  is  greater  as  CG  is  less.  Hence  the  means  of  rendering  a  balance 
delicate  are — 

i.   To  make  the  arms  of  the  baiaptce  long, 

ii.  To  make  the  weight  of  the  beam  as  small  as  is  consistait  with  its 
rigidity, 

iii.  To  bring  the  centre  of  gravity  of  the  beam  a  very  little  below  the 
point  of  support. 
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Moreuver,  since  friction  will  always  oppose  ihe  action  of  ihe  force  ihai 
tends  to  preponderate,  the  balance  will  be  rendered  more  delicate  bydiminish- 
ing  friction.  To  secure  this  advantage  the  edges  from  which  the  beam  and 
scales  are  suspended  are  made  as  sharp  and  as  hard  us  possible,  and  the 
supports  on  which  they  rest  are  very  smooth  and  hard.  This  is  effected  by 
the  use  of  agate  knife-edges.  And,  further,  Ihe  pointer  is  made  long,  since 
its  elongation  renders  a  given  deflection  more  perceptible  by  increasing  the 
arc  which  its  end  describes. 

74-  VbyBlcBl  Knd  ebea^cBl  bklanoea. — Fig.  51  represents  one  of  the 
accurate  balances  ordinarily  used  for  chemical  analysis.  Its  sensitiveness  is 
such  thai  when  charged  with  a  kilogramme  (ipoo  grms.)  in  eich  scale  an 
excess  of  a  milligramme  {j~  of  a  grm.)  in  either  stale  produces  a  very 
perceptible  deflection  of  the  index. 


In  order  to  protect  the  baJance  from  air  currents,  dust,  ajud  n 
it  is  always,  even  when  weighing,  surrounded  by  a  glass  case,  whose  front 
slides  up  and  down,  to  enable  the  operator  to  introduce  the  objects  lo  be 
weighed.  Where  extreme  accuracy  is  desired  the  case  is  consirucied  so 
that  the  space  may  be  exhausted,  and  the  weighing  made  in  vacuo. 

In  order  to  preserve  the  edge  of  the  fulcrum  as  much  as  possible,  ihe  whole 
beam,  BB,  with  its  fulcrum  K,  can  be  raised  from  the  support  on  which  the 
latter  rests  by  simply  turning  the  button  O  outside  the  case. 

The  horizontality  of  the  beam  is  determined  by  means  of  a  long  index, 
which  points  downwards  to  a  graduated  arc  near  the  foot  of  the  supporting 
pillar.  Lastly,  the  button  C  serves  to  alter  the  sensitiveness  of  the  balance  ; 
by  turning  it,  the  centre  of  gravity  of  the  beam  can  be  made  to  approach 
or  recede  from  the  fulcnun  C?^)- 
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75.  MMIiod  Of  doable  welsblnr. — Even  if  a  balance  be  not  perfectly 
accurate,  the  true  weight  of  a  body  may  still  be  determined  by  its  means.  To 
do  so,  the  body  to  be  weighed  is  placed  in  one  scale,  and  shot  or  sand  poured 
into  the  other  until  equilibrium  is  produced ;  the  body  is  then  replaced 
by  known  weights  until  equilibrium  is  re-established.  The  sum  of  these 
weights  will  necessarily  be  equal  to  the  weight  of  the  body,  for,  acting  under 
precisely  the  same  circumstances,  both  have  produced  precisely  the  same 
effect. 

The  exact  weight  of  a  body  may  also  be  determined  by  placing  it  suc- 
cessively in  the  two  pans  of  a  balance,  and  then  deducing  its  true  weight. 

For  having  placed  in  one  pan  the  body  to  be  weighed,  whose  true  weight 
is  jr,  and  in  the  other  the  weight  /,  required  to  balance  it,  let  a  and  &  be 
the  arms  of  levers  corresponding  to  x  and  p.  Then  from  the  principle  of 
the  lever  (39)  we  have  ax^pb.  Similarly,  if  p^  is  the  weight  when  the 
body  is  placed  in  the  other  pan,  then  bx-^ap^  Hence  abx^ '^  abpp^,  from 
which  jr«  y/PPi'  This  method  was  invented  by  P^re  Amiot,  but  is  ordi- 
narily know^n  as  Borda's  method. 
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INTENSITY  OF  TERRESTRIAL  GRAVITY. 
PENDULUM. 
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76.  &«ws  of  fUllar  bodies. — Since  a  body  falls  to  the  ground  in  conse- 
quence of  the  earth's  attraction  on  racA  of  its  molecules,  it  follows  that, 

everything  else  being  the  same,  all  bodies,  great  and 
small,  light  and  heavy,  ought  to  fall  with  equal 
rapidity,  and  a  lump  of  sand  without  cohesion  should, 
during  its  fall,  retain  its  original  form  as  perfectly 
as  if  it  were  compact  stone.  The  fact  that  a  stone 
falls  more  rapidly  than  a  feather  is  due  solely  to  the 
unequal  resistances  opposed  by  the  air  to  the  descent 
of  these  bodies  ;  tn  a  vcuunm  all  bodies  fall  with 
equal  rapidity.  To  demonstrate  this  by  experiment 
a  glass  tube  about  two  yards  long  (fig.  52)  may  be 
taken,  having  one  of  its  ends  completely  closed, 
and  a  brass  cock  fixed  to  the  other.  After  having 
introduced  bodies  of  different  weights  and  densities 
(pieces  of  lead,  paper,  feather,  &c.)  into  the  tube, 
the  air  is  withdrawn  from  it  by  an  air-pump,  and 
the  cock  closed.  If  the  tube  be  now  suddenly  re- 
versed, all  the  bodies  will  fall  equally  quickly.  On 
introducing  a  little  air  and  again  inverting  the  tube, 
the  lighter  bodies  become  slightly  retarded,  and  this 
retardation  increases  with  the  quantity  of  air  intro- 
duced. 

The  resistance  opposed  by  the  air  to  falling  bodies 
is  especially  remarkable  in  the  case  of  liquids.  The 
Staubbach  in  Switzerland  is  a  good  illustration  ;  an 
immense  mass  of  water  is  seen  falling  over  a  high 
precipice,  but  before  reaching  the  bottom  it  is 
shattered  by  the  air  into  the  finest  mist.  In  a 
vacuum,  however,  liquids  fall  like  solids  without 
separation  of  their  molecules.  The  'water-hammer 
illustrates  this  :  the  instrument  consists  of  a  thick 
glass  tube  about  a  foot  long,  half  filled  with  water, 
the  air  having  been  expelled  by  ebullition  previous  to 
closing  one  extremity  with  the  blow-pipe.  When 
such  a  tube  is  suddenly  inverted,  the  water  falls  in 
one  undivided  mass  against  the  other  extremity  of 
the  tube,  and  produces  a  sharp  dry  sound,  resem- 
bling that  which  accompanies  the  shock  of  two  solid 
Fig.  59.  bodies. 


From  Nc 
the  force  of  attraction  which 
approaches  the  earth.  Unless  the 
height  from  which  the  body  falls, 
however,  be  very  great,  this  in- 
crease will  be  altogether  inappre- 
ciable, and  the  force  in  question 
may  be  considered  a 
and  continuous.  If  (hi 
of  the  air  were  removed,  therefore, 
the  motion  of  all  bodies  falling  to 
the  canb  would  be  uniformly  ac- 
celerated, and  would  obey  the 
laws  already  expliiined  (49). 

77.  Atwo«d'B  maohln*.-^ 
Sevusl  instruments  have  been 
invented  for  illustrating  and  ex- 
perimentally verifying  the  laws  of 
falling  bodies.  Galileo,  who  dis- 
covered these  laws  in  the  early 
part  of  the  seventeenth  century, 
illustrated  them  by  means  of 
bodies  falling  down  inclined 
planes.  The  great  object  of  all 
such  instruments  is  to  diminish 
the  rapidity  of  the  fall  of  bodies 
without  altering;  the  character  of 
their  motion,  for  by  this  means 
their  motion  may  not  only  be 
better  obscr^'cd,  but  it  will  be  less 
modiAcd  by  the  resistance  of  the 
atr  (48)- 

The  most  convenient  instru- 
ment of  this  kind  is  that  invented 
by  Atwood  at  the  end  of  the  last 
ceolury.  and  represented  in  tig. 
53.  It  consiMs  of  a  stout  pillar  of 
wood,  about  ^1  yaids  high,  at  the 
top  of  which  is  a  brass  pulley, 
wkuM  axle  rests  and  turns  upon 
foat  other  wheels,  called  frUtion 
wiittU,  inasmuch  as  they  serve 
to  diminish  friction.  Two  equal 
iveq^IS  M  nnd  M',  arc  attached 
to  the  cvtrrmilics  of  a   tine  silk 


lliTrad,   which    passes    nmnd    the 

poUey;  a  timepiece,    H,  fixed  to 

the  pillar,  is  regulated  by  a  seconds  pendulum.  P,  in  the  usual  w 

»  wy,  the  oscillations  of  the  pendulum  are  communicated  1 


O:,  Grar.-izatitm  and  J^folerular  A:zra:tiim.  p7- 


^•' 


'J'lA  fe--.>  '/  '.i.f!:  uiie^"  ^••rt  TTi*.r.,'.rL  ".:  the  aeiiwid^  iumd  of  tke  daL  aad 
a  >'-  v.  ai   ♦r.'-'rT.-.'i'.  •j^T::iiC  I'rrt  c.ii!.  «ti  5b:»*x  a:  £  by  a  <irjMi  Jic 

_rr.:   '.ji*  ui".*:'  :i'.  i'.rij;er  hjxiTf/rjr-.i  zitt  srr.aL  pizie  r  :  and  thns  die  vescte  ML 

'  -i^-.  IT  'i^.  •-,*;  "•^ric  *>f  trie  dJSL  prjir.ti  :-_  zcrti. 

'-'!*•;  v.*:.^:*;-     y.  stfid  M'.  bc^Tir  fjustl  boic  cac±  c»ier  in  ecnziirnrjiizn : 

'.>,*:f»»:-^y^'.  fr.  ',yjT.  r  .  ^zA  to  ni«tb-r*  tEK:  Space*  whjct  E  dcszr:be&.  tbc  Twi 
'^'  y-fci*:  ^,^  ::  C'v'iCfrd  :i;to  ffc*^  iTiC  iTiTbts.  coramcncing  from  the  pilce  i. 
';  -^ '  ov  •^.•r*.f  V.*:  :T,vT--;,*rs:  trjert  art  a  z!rt;t»er  erf  plates.  A.  A'.  C.  C  .  and 
i  r.jn.'^r '/  r.'.i't.  h.  k'.  wbi'T!:  rr-zy  t»e  £jt.ed  yy  screw*  at  arr  pan  erf  the 
t/iLM*:.  'l\j:  \i  '4:.\*:\  iLrr*:ir.  th*:  Ctb-»:tid:r:^  we:g:ht  M.  tbt  roigs  cmh*  aires:  the 
Viir  '^  v.«:rvi<r  >;.•:•-  m.  ^::Wr.  «i.b  tbt  la-iLSC  cif  zjcticin.  io  that  after  na^*gng 
*i.f'yy/i.  •:*«:?.•..  '.'i*;  v.*r:/r;t  M.  :r.  c'-c^itcaence  of  its  ijsenia,  iriE  more  oq 
-f.ii'/rrf  !y  ».•.'.  •5^  '.el'X'!)'  ::  r^ad  acquired  on  reacting  the  ratg.  The 
!/.-v*:fi!  ;/4Lr-.  '/  •.--•:  a;^^ra*us  'j^izLg  described  a  few  voxis  will  suaBce  to 
f  / ;y . *' r.  * J ^  :'.*:' :.'yi  *A  ^ Ap*;r: mer.'. : r.^. 

;>:•  •',*:  •it.-.':  '/  •r^t  ciaJ  •>e  plaied  behind  the  zero  point,  the  lever  D 
'^C/jr>**.r.  '.'*.  -^^'.fyjr*,  t;-*:  ;/late  /'.  on  whiih  the  wei|:ht  M  «"iih  its  01-erwei^t 
//r  r*:\'\.  i-r.c  •f.^  p«.-r*duium  put  .t*  rrj'>::''jrj-  As  soon  as  the  hand  of  the  dial 
yf.'..*\  V/  /j-.f'j  •?.*:  ^/'a'f:  /'  will  fall,  the  weights  M  and  m  »-ill  descend,  and  hy 
4  -.'•>:  ;«••«:?.•  ;or.  ar.*:  a  ftw  trial**  it  will  be  easy  to  place  a  plate  A  so  thai  M 
u.'^y  r«.a'  f.  it  T/^'*.i>  as  •.ht  dial  indicates  the  expiration  of  one  second.  To 
:'..'A]fj:  a  v/.ond  *:>\A:r',iu»:TkX  let  '.he  weig^hts  M  and  m.  the  pla:e  /.  and  the 
.*-,*:T  I J  V*  f<»ia'  *-A  it",  at  fjr^t  :  rerriove  the  plate  A.  and  in  its  place  put  a  ring, 
h.  v>  ai  ♦'>  'Arr*:\*.  ♦>)»:  overweight  w  just  when  the  weight  M  would  have 
f'-ij'  ;."j  A  ;  o/j  \mv\u'^  the  pendulum  in  motion  again  it  will  be  eas}*.  after  a 
f<*  »f:;ii>,.  to  j/Mt  ;it  piaie.  C,  so  that  the  weight  M  may  fall  upon  it  precisely 
v,h«  fi  *.\ir,  \i'Atifi\  of  the  dial  p'iint  to  two  seconds.  Since  the  overweight  m 
in  'lij'-,  *'>\/«Ti\u*:riX  was  'Arr^hXtiA  by  the  ring  B  at  the  expiration  of  one  second, 
ill*-.  ^|/a"r  Jj',  'Aa^  d*:v.riF/ed  by  M  in  one  second  purely  in  vinue  of  its  own 
jfi'f'.a,  ;<fid  ' ons'r'f jTnrly  by  '24;  BC  will  indicate  the  velocity  of  the  falling 
luaiJi  a*  th'-  '-/pi rat. ion  of  one  second. 

J'fv  *'*'i\\i.y  in  the  same  manner  as  before,  let  a  third  experiment  be  made 
jfj  oflTf  to  ;*v«:rtairj  the  point  B'  at  which  the  weights  M  and  w  arrive  after 
th'r  lap\i:  of  two  s'-< onds,  and  putting  a  ring  at  B',  ascertain  by  a  fourth 
t:>.\f:r\un:u\.  the  point  C  at  which  .M  arrives  alone,  three  seconds  after  the 
f{f  v'-nt  'oinni'-n"d  ;  B'C  will  then  express  the  velocity  acquired  .ifter  a 
#]«",/  «-nt  of  two  ^.*i€  ondv  In  a  similar  manner,  by  a  fifth  and  sixth  experiment, 
•*.*■  titiiy  'l^t^rrnine  lh<:  spa^c  OB''  described  in  three  seconds,  and  the  velo- 
Miy  r/'<  "  a'(|uin:d  during  those  three  seconds,  and  so  on;  we  shall  find 
that  I'/'.' IS  twi^>ir,  and  B"C'' three  times  as  great  as  BC— in  other  words, 
that  th*-  virlociiies  BC,  BT',  B"C",  increase  in  the  same  proportion  as  the 
iiMKs  '1,2,  3,  .  .  .  seconds;  employed  in  their  acquirement.  By  the  defi- 
nition '4'jjf  th<reforc.  the  nwuion  is  unifonnly  .iccelerated.  The  same  ex- 
j>eimienls  will  also  serve  lo  verify  and  illustrate  the  four  laws  of  uniformly 
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accelerated  motion  as  enunciated  in  (48).  For  example,  the  spaces  OB, 
OB',  OB",  ....  described  from  a  state  of  rest  in  i,  2,  3,  ...  .  seconds, 
will  be  found  to  be  proportional  to  the  numbers  i,  4,  9  .  .  . ;  that  is  to  say, 
to  the  squares  of  those  numbers  of  seconds,  as  stated  in  the  third  law. 

Lastly,  if  the  overweight  m  be  changed,  the  acceleration  or  velocity  BC 
acquired  per  second  will  also  be  changed,  and  we  may  easily  verify  the 
assertion  in  (28},  that  force  is  proportional  to  the  product  of  the  mass  moved 
into  the  acceleration  produced  in  a  given  time.  For  instance,  assuming  the 
pulley  to  be  so  light  that  its  inertia  can  be  neglected,  if  m  weighed  half  an 
ounce,  and  M  and  M'  each  15}  ounces,  the  acceleration  BC  would  be  found 
to  be  six  inches ;  whilst  if  nt  weighed  i  ounce,  and  M  and  M^  each  63^ 
ounces,  the  acceleration  BC  would  be  found  to  be  three  inches. 

Now  in  these  cases  the  forces  producing  motion,  that  is  the  overweights, 
are  in  the  ratio  of  i  :  2  ;  while  the  products  of  the  masses  and  the  accelera- 
tions are  in  the  ratio  of  (J  +  1 5 J  +  1 5 J)  x  6  to  (i  +  63I  +  6^^)  x  3  ;  that  is,  they 
are  also  in  the  ratio  of  i  :  2.  Now  the  same  result  is  obtained  in  whatever 
way  the  magnitudes  of  nty  M,  and  \r  are  varied,  and  consequently  in  all 
cases  the  ratio  of  the  forces  producing  motion  equals  the  ratio  of  the  mo- 
menta generated. 

78.  XoiiB's  apparatas. — The  principle  of  this  apparatus,  the  original 
idea  of  which  is  due  to  General  Poncelet,  is  to  make  the  falling  body  trace 
its  own  path.  Fig.  54  gives  a  view  of  the  whole  apparatus,  and  fig.  55 
gives  the  details.  The  apparatus  consists  of  a  wooden  framework,  about 
7  feet  high,  which  holds  in  a  vertical  position  a  very  light  wooden  cylinder, 
M,  which  can  turn  freely  about  its  axis.  This  cylinder  is  coated  with  paper 
divided  into  squares  by  equidistant  horizontal  and  vertical  lines.  The  latter 
measure  the  path  traversed  by  the  body  falling  along  the  cylinder,  while  the 
horizontal  lines  arc  intended  to  divide  the  duration  of  the  fall  into  equal  parts. 

The  falling  body  is  a  mass  of  iron,  P,  provided  with  a  pencil  which  is 
pressed  against  the  paper  by  a  small  spring.  The  iron  is  guided  in  its  fall 
by  two  light  iron  wires  which  pass  through  guide-holes  on  the  two  sides. 
The  top  of  this  mass  is  provided  with  a  tipper  which  catches  against  the  end 
of  a  bent  lever,  AC.  This  being  pulled  by  the  string  K  attached  at  A,  the 
weight  falls.  If  the  cylinder  M  were  fixed,  the  pencil  would  trace  a  straight 
line  on  it ;  but  if  the  cylinder  moves  uniformly,  the  pencil  traces  the  line 
w/y,  which  serves  to  deduce  the  law  of  the  fall. 

The  cylinder  is  rotated  by  means  of  a  weight,  Q,  suspended  to  a  cord 
which  passes  round  the  axle  G.  At  the  end  of  this  is  a  toothed  wheel,  r, 
which  turns  two  endless  screws,  a  and  b^  one  of  which  turns  the  cylinder, 
and  the  other  two  vanes,  x  and  x"  (fig.  55).  At  the  other  end  is  a  ratchet 
wheel,  in  which  fits  the  end  of  a  lever,  B  ;  by  pulling  at  a  cord  fixed  to  the 
other  end  of  B,  the  wheel  is  liberated,  the  weight  Q  descends,  and  the  whole 
system  begins  to  turn.  The  motion  is  at  first  accelerated,  but  as  the  air 
offers  a  resistance  to  the  vanes  (48),  which  increases  as  the  rotation  becomes 
more  rapid,  the  resistance  finally  equals  the  acceleration  which  gravity  tends 
ti»  impart.  From  this  time  the  motion  becomes  uniform.  This  is  the  case 
when  the  weight  Q  has  traversed  about  three-quarters  its  course ;  at  this 
moment  the  weight  P  is  detached  by  pulling  the  cord  K,  and  the  pencil  then 
traces  the  curve  mn. 
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If,  by  means  of  this  cune,  we  examine  the  double  motion  of  the  pencil 
on  the  small  squares  which  divide  the  paper,  we  see  that,  for  displacementt 
t,  1,  3  ....  in  a  horiiontal  direction,  the  displacements  are  I,  4,  9  ...  . 
in  a  vertical  direction.  TTils  shows  that  the  paths  traversed  in  the  direction 
of  the  fall  are  directly  as  the  squares  of  the  lines  in  the  direction  of  the 
rotation,  which  verifies  the  second  law  of  falling  bodies. 


From  the  relation  which  exists  between  the  two  dimensions  of  the  cun'e 
mn,  it  is  concluded  that  this  cur\'e  is  Aparabola. 

79.  nta  iBnctb  or  t&e  compannd  pandvln^. — The  fonnula  deduced  in 
article  (54)  and  the  conclusions  which  follow  therefrom,  refer  to  the  case  of  the 
simple  or  mathematical  pendulum  ;  that  is,  to  a  single  heai'y  point  suspended 
by  a  thread  without  weight.     Such  a  pendulum  has  only  an  imaginary 
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existence,  and  any  pendulum  which  does  not  realise  these  conditions  is 
called  a  compound  or  physical  pendulum.  The  laws  for  the  time  of  vibra- 
tion of  a  compound  pendulum  are  the  same  as  those  which  regulate  the 
moticii  of  the  simple  pendulum,  though  it  will  be  necessary  to  define  ac- 
curately what  is  meant  by  the  length  of  such  a  pendulum.  A  compound 
pendulum  being  formed  of  a  heavy  rod  terminated  by  a  greater  or  less  mass 
it  follows  that  the  several  material  points  of  the  whole  system  will 
strive  to  perform  their  oscillations  in  different  times,  their  distances 
from  the  axis  of  suspension  being  different,  and  the  more  distant 
points  requiring  a  longer  time  to  complete  an  oscillation.  From 
this,  and  from  the  fact  that  being  points  of  the  same  body  they 
must  all  oscillate  together,  it  follows  that  the  motion  of  the  points 
near  the  axis  of  suspension  will  be  retarded,  whilst  that  of  the  more 
distant  points  will  be  accelerated,  and  between  the  two  extremities 
there  will  necessarily  be  a  series  of  points  whose  motion  will  ^be 
neither  accelerated  nor  retarded,  but  which  will  oscillate  precisely 
as  if  they  were  perfectly  free  and  unconnected  with  the  other  points 
of  the  system.  These  points,  being  equidistant  from  the  axis  of 
suspension,  constitute  a  parallel  axis  known  as  the  axis  of  oscilla- 
tion-^ and  it  is  to  the  distance  between  these  two  axes  that  the 
term  length  of  the  compound  pendulum  is  applied  :  we  may  say, 
therefore,  that  the  length  of  a  compound  pendulum  is  that  of  the 
simple  pendulum  which  would  describe  its  oscillations  in  the  same 
time, 

Huyghens,  the  celebrated  Dutch  physicist,  discovered  that  the 
axes  of  suspension  and  oscillation  are  mutually  convertible ;  that 
is  to  say,  the  time  of  oscillation  will  remain  unaltered  when  the 
pendulum  is  suspended  from  its  axis  of  oscillation.  This  enables  us 
to  determine  experimentally  the  length  of  the  compound  pendulum. 
For  this  purpose  the  reversible  pendulum  devised  by  Bohnenberger 
and  Kater  may  be  used.  One  form  of  this  (fig.  56)  is  a  rod  with 
the  knife-edges  a  and  b  turned  towards  each  other.  W  and  V  are 
lens-shaped  masses  the  relative  positions  of  which  may  be  varied. 
By  a  series  of  trials  a  position  can  be  found  such  that  the  number 
of  oscillations  of  the  pendulum  in  a  ^iven  time  is  the  same  whether 
it  oscillates  about  the  axis  a  or  the  axis  b.  This  being  so,  the  dis- 
tance ab  represents  the  length  /  of  a  simple  pendulum  which  has 
the  same  time  of  oscillation.  From  the  value  of  /,  thus  obtained, 
it  is  easy  to  determine  the  length  of  the  seconds  pendulum.  '^'  ^  ' 

The  length  of  the  seconds  pendulum — that  is  to  say,  of  the  pendulum 
which  makes  one  oscillation  in  a  second — varies,  of  course,  with  the  in- 
tensity of  gravity.  The  following  table  gives  its  value  at  the  sea-level  at 
various  places.  The  accelerative  effect  of  gravity  at  these  places,  accord- 
ing to  formula  (55),  is  obtained  in  feet  and  metres,  by  multiplying  the  length 
of  the  seconds  pendulum,  reduced  to  feet  and  metres  respectively,  by  the 
square  of  3*14159. 
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Accelenlloa  of  GrBvkf 


Hammerfesc    . 

70°.4O'  N. 

391948 

32-3364 

9-8258 

Manchester 

S3  29 

391472 

32-1972 

9-8132 

Kfinigsberg     . 

54-42 

391507 

32-2002 

9-8142 

Berlin      . 

51.30 

391439 

32-'94S 

9-8124 

Greenwich 

SI  .29 

391398 

33-1912 

9-8115 

Paris 

48.50 

391285 

32-1819 

9-8039 

New  York 

40.43 

391011 

31-1594 

9-8019 

38.54 

39-0968 

321558 

98006 

Madras    . 

13-4 

39-0368 

32-0992 

97836 

Ascension 

7-56 

39-0242 

32-0939 

97817 

St.  Thomas 

0.15 

39-0207 

32-0957 

9-7836 

Cape  of  Good  Hop* 

ii  -ss  s. 

39-0780 

33-i4a4 

9-7962 

Zonsequemly,  i^or 

he  space  described  in  the  first  second  of  its  motion 

by  a  body  falling  in  vacuo  from  a  stale  of  rest  (49)  is 

160478  feet  or  4-891  metres  at  St.  Thomas, 

16-0956    „    „  4-905      „       at  London,  and 

16-1183    „    ,1  4-913      X       at  Hammerfest. 

In  all  calculations  which  are  used  for  the  sake  of  illustration  we  may 

take  32  feel,  or  9-8  metres,  as  the  accelerative 

effect  due  to  gravity. 

From  observations  of  this  kind,  after  apply- 
ing the  necessary  corrections,  and  taking  into 
account  the  effect  of  rotation  (82),  the  form  of 
the  earth  can  be  deduced. 

So.  Variaestlon  of  tit*  tow*  of  Ota  yen> 
dnlnm.  —  In  order  to  verify  the  laws  of  the 
simple  pendulum  (54)  we  are  compelled  lo  em- 
ploy a  compound  one,  whose  construction  differs 
as  little  as  possible  from  that  of  the  former. 
For  this  purpose  a  small  sphere  of  a  very  dense 
substance,  such  as  lead  or  platinum,  is  sus- 
pended from  a  lixed  point  by  means  of  a  very 
tine  metal  wire.  A  pendulum  thus  formed  os- 
cillates almost  like  a  simple  pendulum,  whose 
length  is  equal  lo  the  distance  of  the  centre  of 
the  sphere  from  ihe  point  of  suspension. 

In  order  10  verify  the  isochronism  of  small 
oscillations,  it  is  merely  necessary  to  count  the 
number  of  oscillations  made  in  equal  times,  as 
the  amplitudes  of  these  oscillations  diminish 
from  3  degrees  to  a  fraction  of  a  degree ;  this 
-~         number  is  found  to  be  constant. 

That  the  time  of  vibration  is  proportional 

to  the  square  root  of  the  length  is  verified  hy 

whose  lengths  are  as  the  numbers  i,  4, 9,  .  .  .  .  to  oscll- 

rcsponding  numbers  of  oscillations  in  a  given 
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time  are  then  found  to  be  proportional  to  the  fractions  i,  \y  f,  &c.,  .... 
which  shows  that  the  times  of  oscillation  increase  as  the  numbers  i,  2, 
3,  .  .  .  .  &c. 

By  taking  several  pendulums  of  exactly  equal  length,  B,  C,  D  (fig.  58), 
but  with  spheres  of  different  substances — lead,  copper,  ivory— it  is  found 
that,  neglecting  the  resistance  of  the  air,  these  pendulums  oscillate  in  equal 
times,  thereby  showing  that  the  accelerative  effect  of  gravity  on  all  bodies  is 
the  same  at  the  same  place. 

By  means  of  an  arrangement  resembling  the  above,  Newton  verified  the 
fact  that  the  masses  of  bodies  are  determined  by  the  balance  ;  which,  it  will 
be  remarked,  lies  at  the  foundation  of  the  measure  of  force  (28).  For  it  will 
be  seen  on  comparing  (53)  and  (54)  with  (49)  that  the  law  of  the  time  of  a 
small  oscillation  is  obtained  on  the  supposition  that  the  force  of  gravity  on 
all  bodies  is  represented  by  M^,  in  which  M  is  determined  by  the  balance. 
In  order  to  verify  this,  he  had  made  two  round  equal  wooden  boxes ;  he 
tilled  one  with  wood,  and  as  nearly  as  possible  in  the  centre  of  oscillation  of 
the  other  he  placed  an  equal  weight  of  gold.  He  then  suspended  the  boxes 
by  threads  eleven  feet  long,  so  that  they  formed  pendulums  exactly  equal 
so  (bi  3kS  weight,  figure,  and  resistance  of  the  air  were  concerned.  Their 
oscillations  were  performed  in  exactly  the  same  time.  The  same  results 
were  obtained  when  other  substances  were  used,  such  as  silver,  lead,  glass, 
sand,  salt,  wood,  water,  com.  Now  all  these  bodies  had  equal  weights,  and 
if  the  inference,  that  therefore  they  had  equal  masses,  had  been  erroneous, 
by  so  much  as  the  one-thousandth  part  of  the  whole,  the  experiment  would 
have  detected  it 

81.  AppUoatloii  of  the  pendulum  to  Cloeke. — The  regulation  of  the 
motion  of  clocks  is  effected  by  means  of  pendulums,  that  of  watches  by 
balance-springs.  Pendulums  were  first  applied  to 
this  purpose  by  Huyghens  in  1658,  and  in  the  same 
year  Hooke  applied  a  spiral  spring  to  the  balance 
of  a  watch.  The  manner  of  employing  the  pendu- 
lum is  shown  in  fig.  58.  The  pendulum  rod  passing 
between  the  prongs  of  a  fork  a  communicates  its 
motion  to  a  rod  b,  which  oscillates  on  a  horizontal 
axis  o.  To  this  axis  is  fixed  a  piece  w//,  called  an 
escapement  or  crutch,  terminated  by  two  projections 
or  paltetSy  which  work  alternately  with  the  teeth  of 
the  escapement  wheel  k.  This  wheel  being  acted 
on  by  the  weight  tends  to  move  continuously,  let  us 
say,  in  the  direction  indicated  by  the  arrow-head. 
Now,  if  the  pendulum  is  at  rest,  the  wheel  is  held  at 
rest  by  the  pallet  w,  and  with  it  the  whole  of  the 
clockwork  and  the  weight.  If,  however,  the  pen- 
dulum moves  and  takes  the  position  shown  by  the 
dotted  line,  m  is  raised,  the  wheel  escapes  from  the 
confinement  in  which  it  was  held  by  the  pallet,  the 
weight  descends,  and  causes  the  wheel  to  turn  until 
its  motion  is  arrested  by  the  other  pallet  n ;  which. 


♦.  .• 


Fig.  58. 


in  consequence  of  the  motion  of  the  pendulum,  will  be  brought  into  cop* — * 
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with  another  tooth  of  the  escapement  wheel.  In  this  manner  the  descent  of 
the  weight  is  alternately  permitted  and  arrested — or,  in  a  word,  regulated^ 
by  the  pendulum.  By  means  of  a  proper  train  of  wheelwork  the  motion  of 
the  escapement  is  communicated  to  the  hands  of  the  clock ;  and  conse- 
quently their  motion,  also,  is  regulated  by  the  pendulum. 

The  pendulum  has  also  been  used  for  measuring  great  velocities.  A 
large  block  of  wood  weighing  from  3  to  5  tons  is  coated  with  iron  ;  against 
this  arrangement,  which  is  known  as  a  buliiitic pendulum^  a,  shot  is  fired, 
and  the  deflection  thereby  produced  is  observed.  From  the  laws  of  the 
impact  of  inelastic  bodies,  and  from  those  of  the  pendulum,  the  velocity  of 
the  ball  may  be  calculated  from  the  amount  of  this  deflection. 

The  gun  may  also  be  fastened  to  a  pendulum  arrangement ;  and,  when 
fired,  the  reaction  causes  an  angular  velocity,  from  which  the  pressure  of 
the  enclosed  gases  can  be  deduced,  and  therefrom  the  initial  velocity  of  the 
shot. 

82.  Causes  wbloli  modify  the  inteneltj-  of  terrestrial  vraTitation. — 
The  intensity  of  the  force  of  gravity — that  is,  the  value  of  ^— is  not  the  same 
in  all  parts  of  the  earth.  It  is  modified  by  several  causes,  of  which  the  form 
of  the  earth  and  its  rotation  are  the  most  important. 

i.  The  attraction  which  the  earth  exerts  upon  a  body  at  its  surface  is  the 
sum  of  the  partial  attractions  which  each  part  of  the  earth  exerts  upon  that 
body,  and  the  resultant  of  all  these  attractions  may  be  considered  to  act  from 
a  single  point —the  centre.  Hence,  if  the  earth  were  a  perfect  sphere,  a  given 
body  would  be  equally  attracted  at  any  part  of  the  earth's  surface.  The 
attraction  would,  however,  vary  with  the  height  above  the  surface.  For  small 
alterations  of  level  the  differences  would  be  inappreciable ;  but  for  greater 
heights  and  in  accurate  measurements  observations  of  the  value  of  ^  must 
be  reduced  to  the  sea-level.  The  attraction  of  gravitation  being  inversely 
as    the    square    of  the    distance    from    the    centre    (66)  we  shall   have 

.^  •  ^/  "  R2  •  7j>     L\2  where  g  is  the  value  of  the  acceleration  of  gravity  at 

the  sea-level,  g,  its  value  at  any  height  ^,  and  R  is  the  radius  of  the  earth. 
From  this,  seeing  that  /i  is  very  small  compared  with  R,  and  that  therefore 
its  square  may  be  neglected,  we  get  by  simple  algebraical  transformation 

R 

But  even  at  the  sea-level  the  force  of  gravity  varies  in  different  parts  in 
consequence  of  the  form  of  the  earth.  The  earth  is  not  a  true  sphere,  but 
an  ellipsoid,  the  major  axis  of  which  is  12,754,796  metres,  and  the  minor 
12,712,160  metres.  The  distance,  therefore,  at  the  centre  being  greater  at 
the  Equator  than  at  the  Poles,  and  as  the  attraction  on  a  body  is  inversely  as 
the  square  of  these  distances,  calculation  shows  that  the  attraction  due  to 
this  cause  is  jy^th  greater  at  the  Poles  than  at  the  Equator.  This  is  what 
would  be  true  if,  other  things  being  the  same,  the  earth  were  at  rest. 

ii.  In  consequence  of  the  earth's  rotation,  the  force  of  gravity  is  further 
modified.  If  we  imagine  a  body  relatively  at  rest  on  the  Equator,  it  really 
shares  the  earth's  rotation,  and  describes,  in  the  course  of  one  day,  a  circle 
whose  centre  and  radius  are  the  centre  and  radius  of  the  earth.     Now,  since 
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a  body  in  motion  tends  by  reason  of  its  inertia  to  move  in  a  straight  line,  it 
follows  that  to  make  it  move  in  a  circle,  a  force  must  be  employed  at  each 
instant  to  deflect  it  from  the  tangent  (52).  Consequently,  a  certain  portion 
of  the  earth's  attraction  must  be  employed  in  keeping  the  above  body  on  the 
sur^ce  of  the  earth,  and  only  the  remainder  is  sensible  as  weight  or  accele- 
rating force.  It  appears  from  calculation  that  on  the  Equator  the  aJgth  part 
of  the  earth's  attraction  on  any  body  is  thus  employed,  so  that  the  magnitude 
of  j^  at  the  Equator  is  less  by  the  ah^^  P^rt  of  what  it  would  be  were  the 
earth  at  rest. 

iii.  As  the  body  ^oes  nearer  the  Poles  the  force' of  gravity  is  less  and  less 
diminished  by  the  effect  of  centrifugal  force.  For  in  any  given  latitude  it 
will  describe  a  circle  coinciding  with  the  parallel  of  latitude  in  which  it  is 
placed  ;  but  as  the  radii  of  these  circles  diminish,  so 
docs  the  centrifugal  force  until  the  Pole,  where  the 
radius  is  null.  Further,  on  the  Equator  the  centri- 
fugal force  is  directly  opposed  to  gravitation ;  in  any 
other  latitude  only  a  component  of  the  whole  force  is 
thus  employed.  This  is  seen  in  fig.  59,  in  which 
PP'  represents  the  axis  of  rotation  of  the  earth,  and 
EE'  the  Equator.  At  any  given  point  E  on  the  Equator 
the  centrifugal  force  is  directed  along  CE,  and  acts 
wholly  in  diminishing  the  intensity  of  gravitation  ; 
but  on  any  other  point,  a,  nearer  the  Pole,  the  centri- 
fugal force  acting  on  a  right  line  ab  at  right  angles  to  the  axis  PP',  while 
gravity  acts  along  aC,  gravity  is  no  longer  directly  diminished  by  centri-' 
fugal  force,  but  only  by  its  component  ad^  which  is  less  the  nearer  a  is  to 
the  Pole. 

The  combined  effect  of  these  two  causes— the  flattening  of  the  earth  at 
the  Poles,  and  the  centrifugal  force — is  to  make  the  attraction  of  gravitation 
at  the  Equator  less  by  about  the  xJa^d  part  of  its  value  at  the  Poles. 
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CHAPTER    III. 

MOLECULAR     FORCES. 

83.  Vatare  of  molecular  forces. — The  various  phenomena  which  bodies 
present  show  that  their  molecules  are  under  the  influence  of  two  contrary 
forces,  one  of  which  tends  to  bring  them  together,  and  the  other  to  separate 
them  from  each  other.  The  first  force,  which  is  called  molecular  attraction^ 
varies  in  one  and  the  same  body  with  the  distance  only.  The  second  force 
is  due  to  the  vis  viva,  or  moving  force,  which  the  molecules  possess.  It  is  the 
mutual  relation  between  these  forces,  the  preponderance  of  the  one  or  the 
other,  which  determines  the  molecular  state  of  a  body  (4) — whether  it  be 
solid,  liquid,  or  gaseous. 

Molecular  attraction  is  only  exerted  at  infinitely  small  distances.  Its  effect 
is  inappreciable  when  the  distance  between  the  molecules  is  appreciable. 

According  to  the  manner  in  which  it  is  regarded,  molecular  attraction  is 
designated  by  the  terms  cohesion^  affinity^  or  adhesion, 

84.  Colieeloii. — Cohesion  is  the  force  which  unites  adjacent  molecules  of 
the  same  nature  ;  for  example,  two  molecules  of  water,  or  two  molecules  of 
iron.  Cohesion  is  strongly  exerted  in  solids,  less  strongly  in  liquids,  and 
scarcely  at  all  in  gases.  Its  strength  decreases  as  the  temperature  increases, 
because  then  the  vis  viva  of  the  molecules  increases.  Hence  it  is  that  when 
solid  bodies  are  heated  they  first  liquefy,  and  are  ultimately  converted  into 
the  gaseous  state,  provided  that  heat  produces  in  them  no  chemical  change. 

Cohesion  varies  not  only  with  the  nature  of  bodies,  but  also  with  the 
arrangement  of  their  molecules  ;  thus,  the  difference  between  tempered  and 
unlempered  steel  is  due  to  a  difference  in  the  molecular  arrangement  pro- 
duced by  tempering.  Many  of  the  propeities  of  bodies,  such  as  tenacity, 
hardness,  and  ductility,  are  due  to  the  modifications  which  this  force  un- 
dergoes. 

In  large  masses  of  liquids  the  force  of  gravity  overcomes  that  of  cohesion. 
Hence  liquids  acted  upon  by  the  former  force  have  no  special  shape ;  they 
take  that  of  the  vessel  in  which  they  are  contained.  But  in  smaller  masses 
cohesion  gets  the  upper  hand,  and  liquids  assume  then  the  spheroidal  form. 
This  is  seen  in  the  drops  of  dew  on  the  leaves  of  plants.  It  is  also  seen  when 
a  liquid  is  placed  on  a  solid  which  it  does  not  moisten ;  as,  for  example, 
mercury  upon  wood.  The  experiment  may  also  be  made  with  water,  by 
sprinkling  upon  the  surface  of  the  wood  some  light  powder,  such  as  lyco- 
podium  or  lamp-black,  and  then  dropping  some  water  on  it.  The  following 
experiment  is  an  illustration  of  the  force  of  cohesion  causing  a  liquid  to  assume 
the  spheroidal  form.  A  saturated  solution  of  sulphate  of  zinc  is  placed  in  a 
narrow-necked  bottle,  and  a  few  drops  of  bisulphide  of  carbon,  coloured  with 
iodine,  made  to  float  on  the  surface.     If  pure  water  be  now  carefully  added, 
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so  as  to  rest  on  the  surface  of  the  sulphate  of  zinc  solution,  the  bisulphide 

collects  in  the  form  of  a  flattened  spheroid,  which  presents  the  appearmnce 

of  blown  coloured  glass,  and  is  larger  than  the  neck  of  the  bottle,  provided 

a  sufficient  quantity  has  been  taken. 

The  force  of  cohesion  of  liquids  may  be  measured  as  follows.   A  plane,  per- 
fectly smooth  disc  D(fig.  60)  is  stispendedhoriiontally  to  one  scale-pan/ of  a 

delicate  balance,  and  is  accurately  equipoised.    A 

somenhat  wide  vessel  of  liquid  is  placed  below,  and 

the  position  of  the  disc  regulated  by  means  of  the 

sliding  screw   S  until  it  just  touches  the  liquid. 

Weights  are  then  carefully  added  to  the  other  scale- 
pan  until  the  disc  is  detached  from  the  liquid.     In 

this  way  it  has  been  found  that  the  weights  required 

todetachthedisc  vary  with  tlie  nature  of  the  liquid  : 

with  a  disc  of  118  mm.  diameter  the  numbers  for 

water,  alcohol,  and  turpentine  were  $9*4, 31,  and  34 

grammes  respectively. 

The  results  were  the  same  whether  the  disc 

was  of  glass,  of  copper,  or  of  other  metals,  and 

they  thus  only  depend  on  the  nature  of  the  liquid. 
It  is  a  measure  of  the  cohesion  of  the  liquid,  for  a 

layer  remains  adhering  to  the  disc ;  heiice  the 

weight  on  the  other  side  does  not  separate  the  disc 

from  the  liquid,  but  separates  the  particles  of  liquid 

from  each  other. 

85.  AAnttr. — Chemical  affinity,  or  chfinical  at- 
Iraclion,  is  the  force  which  is  exerted  between  mole- 
cules not  of  the  same  kind.    Thus,  in  water,  which 
is  composed  of  oxygen  and  hydrogen,  it  is  affinity    llJrZ^-JrJ. 
which  unites  these  elements,  but  it  is  cohesion  -ZJUIZ— 
which  binds  together  two  molecules  of  water.     In  '''1 

compound  bodies  cohesion  and  affinity  operate  simultaneously,  w 
bodies  or  elements  cohesion  has  alone  to  be  considered. 

To  affinity  are  due  all  the  phenomena  of  combustion,  and  of  chemical 
combination  and  decomposition. 

The  causes  which  tend  to  weaken  cohesion  are  most  favourable  to  affinity ; 
for  instance,  the  action  of  affinity  between  substances  is  facilitated  by  their 
division,  and  still  more  by  reducing  them  to  a  liquid  or  gaseous  state.  It  is 
most  powerfully  exerted  by  a  body  in  its  nascent  state— that  Is,  the  slate  in 
Khich  the  body  exists  at  the  moment  it  is  disengaged  from  a  compound  ;  the 
body  is  then  free,  and  ready  to  obey  the  feeblest  affinity.  An  ii 
temperature  modifies  affinity  differently  under  differe 
w>me  cases,  by  diminishing  cohesion,  and  increasing  the  distance  between 
the  molecules,  heat  promotes  combination.  Sulphur  and  oxygen,  which  at 
the  ordinary-  temperature  are  without  action  on  each  other,  combine  to  form 
sulphur  dioxide  when  the  temperature  is  raised  :  in  other  cases  heat  tends 
to  decompose  compounds  by  imparting  to  their  elements  an  unequal  expan- 
tibiliiy.  Thus  it  is  that  many  metallic  oxides^as,for  example,  those  of  silver 
'and  mercury — are  decomposed,  by  the  action  of  heat,  into  gas  and  metal. 
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86.  Adhesion. — The  molecular  attraction  exerted  between  the  surfaces  of 
bodies  in  contact  is  called  adhesion, 

i.  Adhesion  takes  place  between  solids.  If  two  leaden  bullets  are  cut 
with  a  penknife  so  as  to  form  two  equal  and  brightly  polished  surfaces,  and 
the  two  faces  are  pressed  and  turned  against  each  other,  until  they  are  in  the 
closest  contact,  they  adhere  so  strongly  as  to  require  a  force  of  more  than 
I  GO  grammes  to  separate  them.  The  same  experiment  may  be  made  with 
two  equal  pieces  of  glass  which  are  polished  and  made  perfectly  plane. 
When  they  are  pressed  one  against  the  other,  the  adhesion  is  so  powerful 
that  they  cannot  be  separated  without  breaking.  As  the  experiment  succeeds 
in  vacuo,  it  cannot  be  due  to  atmospheric  pressure,  but  must  be  attributed  to 
a  reciprocal  action  between  the  two  surfaces.  The  attraction  also  increases 
as  the  contact  is  prolonged,  and  is  greater  in  proportion  as  the  contact  is 
closer. 

In  the  operation  of  gluing  the  adhesion  is  complete,  for  the  pores  and 
crevices  of  the  fresh  surfaces  being  filled  with  liquid  glue,  so  that  there  is  no 
enlpty  space  on  drying,  wood  and  glue  form  one  compact  whole.  In  some 
cases  the  adhesion  of  the  cement  is  so  powerful  that  the  mass  breaks  more 
readily  at  other  places  than  at  the  cemented  parts. 

There  is  no  real  difference  between  adhesion  and  cohesion  ;  thus,  when 
two  freshly  cut  surfaces  of  c«aoutchouc  are  pressed  together,  they  adhere  with 
considerable  force,  and  ultimately  form  one  compact  solid  mass. 

ii.  Adhesion  also  takes  place  between  solids  and  liquids.  If  we  dip  a  glass 
rod  into  water,  on  withdrawing  it  a  drop  will  be  found  to  collect  at  its  lower 
extremity,  and  remain  suspended  there.  As  the  weight  of  the  drop  tends  to 
detach  it,  there  must  necessarily  be  some  force  superior  to  this  weight  which 
maintains  it  there  ;  this  force  is  the  force  of  adhesion. 

The  adhesion  between  liquids  and  solids  is  more  powerful  than  that  be- 
tween solids.  Thus,  if  in  the  above  experiment  a  thin  layer  of  oil  is  inter- 
posed between  the  plates  they  adhere  firmly,  but  when  pulled  asunder  each 
plate  is  moistened  by  the  oil,  thus  showing  that  in  separating  the  plates  the 
cohesion  of  the  plates  is  overcome,  but  not  the  adhesion  of  the  oil  to  the 
metal.  Alcohol  adheres  more  firmly  to  glass  than  water.  A  layer  of  water 
on  a  glass  plate  is  displaced  by  a  drop  of  alcohol  brought  on  it. 

iii.  The  force  of  adhesion  operates,  lastly,  between  solids  and  gases. 
If  a  glass  or  metal  plate  be  immersed  in  water,  bubbles  will  be  found  to 
appear  on  the  surface.  As  air  cannot  penetrate  into  the  pores  of  the  plate, 
the  bubbles  could  not  arise  from  the  air  which  had  been  expelled.  It  is 
solely  due  to  the  layer  of  air  which  covered  the  plate,  and  moistened  it  like 
a  liquid.  In  many  cases  when  gases  are  separated  in  the  nascent  state 
on  the  surface  of  metals — as  in  electrolysis — the  layer  of  gas  which  covers 
the  plate  has  such  a  density  that  it  can  produce  chemical  actions  more  power- 
ful than  those  which  it  can  bring  about  in  the  free  state. 

The  collection  of  dust  on  walls,  writing  and  drawing  with  chalks  and 
pencils,  depend  on  the  adhesion  of  solids.  Yet  these  are  easily  rubbed  out, 
for  the  adhesion  is  only  to  the  surface  layer.  In  writing  with  ink,  and  in  water- 
colour  painting,  the  liquid  penetrates  into  the  pores,  taking  the  solid  with  it, 
which  is  left  behind  as  the  liquid  evaporates,  and  hence  the  adhesion  of  such 
writing  and  painting  is  more  complete. 


87.  ▼Miom  spaclal  properUflB.— After  having  described  the  principal 

propcrtiescommon  to  solids,  liquids,  and  gases,  we  shall  discuss  the  properties 
peculiar  to  solids.  They  are  elasticity  of  traition,  elasticity  of  torsion,  elas- 
tiiily  offiexvre,  tenacity,  ductility,  and  hiit 

8S.  aiuticity  or  tTBQtion. — Elasticity,  as  a  general  property  of  n 
has  been  already  mentioned  (17),  but  simply  in  reference  to  the  elasticity 
developed  by  pressure ;  in  solids  11  may  also  be  called  into  play  by  l\ 
by  lursion,  and  by  flexure.     The  definitions  there  g 

Inordinary  life  we  consider 
those  bodies  as  highly  elastic 
which,  like  caoutchouc,  undergo 
considerable  change  on  the  appli- 
cation of  only  a  small  force.  Yet 
the  force  of  elasticity  is  greatest  in 
nuny  bodies,  such  as  iron,  which 
do  not  seem  lobe  very  elastic.  For 
by  Jnrcf  of  elasticity  is  understood 
the  force  with  which  the  displaced 
particle*  tend  to  revert  to  their 
original  position,  and  which  fiircc  is 
equivalent  to  that  which  h.isbrought 
aliout  ihc  change.  Considered  from 
this  point  of  view,  gases  have  the 
least  force  of  elasticity  ;  that  of 
lilirids  is  considerably  greater,  and 
li.  indeed,  greater  than  that  of  many 
wlid^  Thus  the  force  of  el.isiiciij- 
nf  mercury  is  greater  than  thai  of 
mnitchonc,  glass,  wood,  and  stone. 
II  i»,  however,  less  than  that  of  ihc 
iilhtT  metals,  with  the  exception  of 
kad. 

This  seems  discordant  with  or- 
dinary ideai  about   elasticity  ;  but  ~ 
it  mutt  be  remembered  that  those 

Wiea  which,  by  the  exertion  of  a  small  fmri-,  luidfii^'i  ;i  r ipij-it]>i.ililc 
ftange,  generally  have  also  the  property  of  undergoing  this  change  without 
Insing  the  property  of  reverting  completely  to  their  original  state.  They 
hivea  (Tide  limit  of  elasticity  (17).  Those  bodies  which  require  great  force 
to  dfcci  a  change  arc  also,  for  the  most  part,  those  on  which  the  exertion 
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of  a  force  produces  a  permanent  alteration  ;  when  the  force  is  no  longer 
exerted,  they  do  not  completely  revert  to  their  original  state. 

In  order  to  study  the  laws  of  the  elasticity  of  traction,  Savart  used  the 
apparatus  represented  in  fig.  6i.  It  consists  of  a  wooden  support  from 
which  are  suspended  the  rods  or  wires  taken  for  experiment.  At  the  lower 
extremity  there  is  a  scale-pan,  and  on  the  wire  two  points,  A  and  B,  are 
marked,  the  distance  between  which  is  measured  by  means  of  the  catheto- 
meter  before  the  weights  are  added. 

The  catheiometer  consists  of  a  strong  brass  support,  K,  divided  into  milli- 
metres, and  which  can  be  adjusted  in  a  vertical  position  by  means  of  levelling 
screws  and  the  plumb-line.  A  small  telescope,  exactly  at  right  angles  to  the 
scale,  can  be  moved  up  and  down,  and  is  provided  with  a  vernier  which 
measures  fiftieths  of  a  millimetre.  By  fixing  the  telescope  successively  on 
the  two  points  A  and  B,  as  represented  in  the  figure,  the  distance  between 
these  points  is  obtained  on  the  graduated  scale.  Placing,  then,  weights  in 
the  pan,  and  measuring  again  the  distance  from  A  to  B,  the  elongation  is 
obtained. 

By  experiments  of  this  kind  it  has  been  ascertained  that  for  elasticity  of 
traction  or  pressure — 

The  alteration  in  lengthy  within  the  limits  of  elasticity,  is  in  proportion 
to  the  length  and  to  the  load  acting  on  the  body,  and  is  inversely  as  the  section. 

It  depends,  moreover,  on  the  specific  elasticity  ;  that  is,  on  the  material  of 
the  body.  If  this  coefficient  be  denoted  by  E,  and  if  the  length,  section, 
and  load  are  respectively  designated  by  /,  s,  and  P,  then  for  the  alteration  in 
length,  e,  we  have 

^  =  E 
s 

If  in  the  above  expression  the  sectional  area  be  a  square  millimetre,  and 

P  be  one  kilogramme,  then 


c  =  E/,  from  which  E  ■ 


/' 


which  expresses  by  what  fraction  the  length  of  a  bar  a  square  millimetre  in 
section  is  altered  by  a  load  of  a  kilogramme.     This  is  called  the  coefficient  of 
elasticity ;  it  is  a  ver)'  small  fraction,  and  it  is  therefore  desirable  to  use  its 

reciprocal,  that  is  -  or  \x,  as  the  modulus  of  elasticity ;  or  the  weight  in 

e 

kilogrammes  which  applied  to  a  bar  would  elongate  it  by  its  own  length, 

assuming  it  to  be  perfectly  elastic.     This  cannot  be  observed,  for  no  body  is 

perfectly  elastic,  but  it  may  be  calculated  from  any  accurate  obser\'ations  by 

means  of  the  above  formula. 

The  following  are  the  best  values  for  some  of  the  principal  substances  : — 

Steel 21,000    Plate  Glass        ....     7,015 


Wrought  Iron 
Platinum     . 
Copper 
Slate  . 
Brass . 
Zinc    . 
Silver 


19,000  Marble 

1 7,044  Lead 

12,400  Bone 

11,035  Wood 

9v00o  Whalebone 

8,700  Sandstone 

7,400  Ice    . 


2,609 
1,800 

1,635 
1,100 

700 

631 

236 
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Thus,  to  double  the  length  of  a  wrought-iron  wire  a  square  millimetre  in 
section,  would  (if  these  were  possible)  require  a  weight  of  19,000  kilogrammes ; 
but  a  weight  of  1 5  kilogrammes  produces  a  permanent  alteration  in  length 
of  f 3V4^^>  ^^^  ^^^^  i^  ^^^  limit  of  elasticity.  The  weight,  which  when  ap- 
plied to  a  body  of  unit  section,  just  brings  about  an  appreciable  permanent 
change,  is  a  measure  of  the  limit  of  elasticity.  Whalebone,  on  the  contrary, 
has  only  a  modulus  of  700,  and  experiences  a  permanent  change  by  a  weight 
of  5  kilogrammes  ;  its  limit  is,  therefore,  relatively  greater  than  that  of  iron. 
Steel  has  a  high  modulus,  along  with  a  wide  limit. 

Both  calculation  and  experiment  show  that  when  bodies  are  lengthened 
by  traction  their  Volume  increases. 

When  weights  are  placed  on  a  bar,  the  amount  by  which  it  is  shortened, 
or  the  coefficient  of  contraction,  is  equal  to  the  elongation  which  it  would  ex- 
perience if  the  same  weights  were  suspended  to  it,  and  is  represented  by  the 
above  numbers. 

The  influence  of  temperature  on  the  elasticity  of  iron,  copper,  and  brass 
was  investigated  by  Kohlrausch  and  Loomis.  They  found  that  the  alteration 
in  the  coefficient  of  elasticity  by  heat  is  the  same  as  that  which  heat  produces 
in  the  coefficient  of  expansion  and  in  the  refractive  power  ;  it  is  also  much 
the  same  as  the  change  in  the  permanent  magnetism,  and  in  the  specific  heat, 
while  it  is  less  than  the  alteration  in  the  conductivity  for  electricity. 

89.  BUstloi^  of  torsion. — The  laws  of  the  torsion  of  wires  were  deter- 
mined by  Coulomb,  by  means  of  an  apparatus  called  the  torsion  balance 
(fig.  62).  It  consists  of  a  metal  wire,  clasped 
at  one  end  in  a  support.  A,  and  holding  at 
the  other  a  metal  sphere,  B,  to  which  is 
affixed  an  index,  C.  Immediately  below 
this  there  is  a  graduated  circle,  CD.  If  the 
needle  is  turned  from  its  position  of  equi- 
librium through  a  certain  angle,  which  is  the 
anj^ie  of  torsion,  the  force  necessary  to  produce 
this  effect  is  the  force  of  torsion.  When,  after 
this  deflection,  the  sphere  is  left  to  itself,  the 
reaction  of  torsion  produces  its  effect,  the  wire 
untwists  itself,  and  the  sphere  rotates  about 
its  vertical  axis  with  increasing  rapidity  until  it 
reaches  its  position  of  equilibrium.  It  does  not, 
however,  rest  there  ;  in  virtue  of  its  inertia  it 
passes  this  position,  and  the  wire  undergoes  a 
torsion  in  the  opposite  direction.  The  equili- 
brium being  again  destroyed,  the  wire  again  lends 
to  untwist  itself,  the  same  alterations  are  again 
produced,  and  the  needle  does  not  rest  at  zero 
of  the  scale  until  after  a  certain  number  of  oscil- 
lations about  this  point  have  been  completed. 

By  means  of  this  apparatus  Coulomb  found  that  when  the  amplitude  of 
the  oscillations  is  within  certain  limits,  the  oscillations  are  subject  to  the 
follow  ing  laws  : 

1.  The  oscillations  are  very  nearly  isochronous, 

E 


Fig.  62. 
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I I.  For  the  same  viire,  Ike  an^e  of  torsion  is  proportional  to  the  moment 
of  the  force  of  torsion. 

III.  With  the  same  force  of  torsion,  and  with  wires  of  the  tame  diameter, 
the  angles  of  torsion  are  proportional  to  the  lengths  of  the  wires. 

I V.  The  same  force  of  torsion  being  allied  to  wires  of  the  same  length, 
the  angles  of  torsion  are  itrversely  proportional  to  the  fourth  powers  of  the 
diameters. 

Wertheim  examined  the  elasticity  of  torsion  in  the  case  of  stout  rods 
by  mea.ns  of  a  different  apparatus,  and  found  that  it  is  also  subject  to  these 
laws.  He  further  found  that,  all  dimensions  being  the  same,  different  sub- 
stances  undergo  dilTereni  degrees  of  torsion,  and  each  substance  has  its 
own  coefficient  of  torsion,  which  is  usually  denoted  by  =. 


The  laws 
which  w  is  tl 
length  of  the 


1  may  be  enunciated  in  the  formula  w^ 


VI. 


T  r*  ' 
igle  of  torsion,  F  the  moment  of  the  force  of  torsion,  /  the 

,  r  its  diameter,  and  '  the  specific  torsion- coefficient. 

—A  solid,  when  cut  into  a  thin  plate,  and 
fixed  at  one  end,  after  having  been  more  or  less  bent,  strives  to  return  to 
its  original  position  when  left  to  itself.  This  property  is  known  as  the  elas- 
ticity of  flexure,  and  is  very  distinct  in  steel,  caoutchouc,  wood,  and  paper. 

If  a  rectangular  bar  A  B  be  clamped  at  one  end  and  loaded  at  the  other 
(fig.  63),  Jie  flexure  e  is  represented  by  the  formula 
VfP 
'  mV 
where  W  is  the  load,  /  the  length  of  the  bar,  6  its  breadth,  A  its  thickness, 
,ind  fi  the  modulus  of  elasticity. 

The  elasticity  of  flexure  is  applied  in  a  vast  variety  of  instances— for 
example,  in  bows,  watch -springs,  carriage- springs  ;  in  spring  balances  it  is 
used  lodetermine  weights, 
in  dynamometers  to  de- 
I  termine  the  force  of  agents 
in  prime  movers  ;  and,  as 
existing  in  wool,  hair,  and 
feathers,  it  is  applied  to 
domestic  uses  in  cushions 

Whatever  be  the  kind 
of  elasticity,  there  is,  as 
has  been  already  said,  a 
limit  to  it — that  is,  there 
is  a  molecular  displace- 
ment, beyond  which 
bodies  are  broken,  or  at 

te  do  not  regain  their  primitive  form.  This  limit  is  affected  by 
causes.     The  elasticity  of  many  metals  is  increased  by  hardening, 

r  by  cold,  by  means  of  the  draw-plate,  by  rolling,  or  by  hammering. 
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Some  substances,  such  as  steel,  cast  iron,  and  glass,  become  both  harder 
and  more  elastic  by  tempering:  (94). 

Elasticity,  on  the  other  hand,  is  diminished  by  annealings  which  consists 
in  raising  the  body  to  a  temperature  lower  than  that  necessary  for  tempering, 
and  allowing  it  to  cool  slowly.  It  is  by  this  means  that  the  elasticity  of 
springs  may  be  regulated  at  pleasure.  Glass,  when  it  is  heated,  undergoes 
a  true  tempering  in  being  rapidly  cooled,  and  hence,  in  order  to  lessen  the 
fragility  of  glass  objects,  they  are  reheated  in  a  furnace,  and  are  carefully 
allowed  to  cool  slowly,  so  that  the  particles  have  time  to  assume  their  most 
stable  position  (94). 

91.  Tenaeltjr. —  Tenacity  is  the  resistance  which  a  body  opposes  to  the 
total  separation  of  its  parts.  According  to  the  manner  in  which  the  external 
force  acts,  we  may  have  various  kinds  of  tenacity  :  tenacity  in  the  ordinary 
sense,  or  resistance  to  traction ;  relative  tenacity,  or  resistance  to  fracture  ; 
rctuiii'e  tenacity,  or  resistance  to  crushing  ;  sheering  tenacity,  or  resistance 
to  displacement  of  particles  in  a  lateral  direction  ;  and  torsional  tenacity,  or 
resistance  to  twisting.  Ordinary  tenacity  is  determined  in  different  bodies 
by  forming  them  into  cylindrical  or  prismatic  wires,  and  ascertaining  the 
weight  necessary  to  break  them. 

Mere  increase  in  length  does  not  influence  the  breaking  weight,  for  the 
weight  acts  in  the  direction  of  the  length,  and  stretches  all  parts  as  if  it  had 
been  directly  applied  to  them. 

Tenacity  is  directly  proportional  to  the  breaking  weighty  and  inversely 
proportional  to  the  area  of  a  transverse  section  of  the  wire. 

Tenacity  diminishes  with  the  duration  of  the  traction.  A  small  force 
continuously  applied  for  a  long  time  will  often  break  a  wire,  which  would  not 
at  once  be  broken  by  a  larger  weight. 

Not  only  does  tenacity  vary  with  different  substances,  but  it  also  varies 
with  the  form  of  the  body.  Thus,  with  the  same  sectional  area,  a  cylinder 
has  greater  tenacity  than  a  prism.  The  quantity  of  matter  being  the  same, 
a  hollow  c>'linder  has  greater  tenacity  than  a  solid  one  ;  and  the  tenacity  of 
this  hollow  cylinder  is  greatest  when  the  external  radius  is  to  the  internal 
one  in  the  ratio  of  1 1  to  5.  The  shape  has  also  the  same  influence  on  the 
resistance  to  crushing  as  it  has  on  the  resistance  to  traction.  A  hollow 
c)'linder  with  the  same  mass,  and  the  same  weight,  offers  a  greater  resistance 
than  a  solid  cylinder.  Thus  it  is  that  the  bones  of  animals,  the  feathers  of 
birds,  the  stems  of  com  and  other  plants,  offer  greater  resistance  than  if  they 
were  solid,  the  mass  remaining  the  same. 

Tenacity,  like  elasticity,  is  different  in  different  directions  in  bodies.  In 
wood,  for  example,  both  the  tenacity  and  the  elasticity  are  greater  in  the 
direction  of  the  fibres  than  in  a  transverse  direction.  And  this  difference 
obtains  in  general  in  all  bodies,  the  texture  of  which  is  not  the  same  in  all 
directions. 

Wires  by  being  worked  acquire  greater  tenacity  on  the  surface,  and  have 
therefore  a  higher  coefficient,  than  even  somewhat  thicker  rods  of  the  same 
material.  A  strand  of  wires  is  stronger  than  a  rod  whose  section  is  equal  to 
the  sum  of  the  sections  of  the  wires. 

Wertheim  found  the  following  numbers  representing  the  weight  in  kilo- 
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gprammes  for  the  limit  of  elasticity,  and  for  the  tenacity  of  wires,  imm.  in 
diameter. 

The  table  shows  that  of  all  metals  cast  steel  has  the  greatest  tenacity. 
Yet  it  is  exceeded  by  fibres  of  unspun  silk,  a  thread  of  which  i  square  milli- 
metre in  section  can  carry  a  load  of  500  kilogrammes.  Single  fibres  of  cotton 
can  support  a  weight  of  100  to  300  grammes  ;  that  is,  millions  of  times  their 
own  weight. 


Lead. 


Tin 


Silver 


Copper 


Platinum 


Iron 


Steel . 


Cast  Steel 


!  drawn 
annealed 
I  drawn 
r  annealed 
I  drawn 
)  annealed 
I  drawn 
(  annealed 
(  drawn 
(  annealed 
I  drawn 
I  annealed 

!  drawn 
annealed 
I  drawn 
I  annealed 


Limit  of  Elasticity. 

Tenadtjr. 

Kilogrammes.                          KHogrammes,. 

0*25                      .           .           2*07 

0*20 

r8o 

• 

0-45 

2-45 

0-20 

170 

11-25 

29-00 

275 

l6'02 

1200 

40-30 

3-00 

30-54 

26-00 

34-IO 

14-50 

2350 

32-5 

61-10 

50             .           .           . 

46-88 

42-5 

70-00 

150 

4otx> 

55*6 

80-00 

510         ..        . 

6575 

ipposed  to  be  at  the  ordinary  temperature. 

At  higher  temperatures  the  tenacity  rapidly  decreases.  Seguin  made  some 
experiments  on  this  point  with  iron  and  copper,  and  obtained  the  following 
values  for  the  tenacity,  in  kilogrammes,  of  millimetre  wire  at  different  tem- 
peratures : — 

Iron        .        .  at  10°,  60  ;  at  370%  54 ;  at  500°,  37  ; 

Copper  .        .      „       21 ;        „        77 ;     ,»        o. 

92.  Bnotilltj. — Ductility  is  the  property  in  virtue  of  which  a  great  num- 
ber of  bodies  change  their  forms  by  the  action  of  traction  or  pressure. 

With  certain  bodies,  such  as  clay,  wax,  &c.,  the  application  of  a  vtiy 
little  force  is  sufficient  to  produce  a  change  ;  with  others,  such  as  the  resins 
and  glass,  the  aid  of  heat  is  needed,  while  with  the  metals  more  powerful 
agents  must  be  used,  such  as  percussion,  the  draw-plate,  or  the  rolling-mill. 

Maileabiliiy  is  that  modification  of  ductility  which  is  exhibited  by  ham- 
mering. The  most  malleable  metal  is  gold,  which  has  been  beaten  into 
leaves  about  the  300000^^  ^^  ^"  *"^^  thick. 

The  most  ductile  metal  is  platinum.  Wollaston  obtained  a  wire  of  it 
0*00003  of  an  inch  in  diameter.  This  he  effected  by  covering  with  silver  a 
platinum  wire  0*01  of  an  inch  in  diameter,  so  as  to  obtain  a  cylinder  0*2  inch 
in  diameter  only,  the  axis  of  which  was  of  platinum.  This  was  then  drawn 
out  in  the  form  of  wire  as  fine  as  possible  ;  the  two  metals  were  equally  ex- 
tended. When  this  wire  was  afterwards  boiled  with  dilute  nitric  acid  the 
silver  was  dissolved,  and  the  platinum  wire  left  intact.  The  wire  was  so  fine 
that  a  mile  of  it  would  have  only  weighed  1-25  of  a  grain. 
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93.  BarAneas. — Hardness  is  the  resistance  which  bodies  offer  to  being 
scratched  or  worn  by  others.  It  is  only  a  relative  property,  for  a  body  which 
is  hard  in  reference  to  one  body  may  be  soft  in  reference  to  others.  The  re- 
lative hardness  of  two  bodies  is  ascertained  by  trying  which  of  them  will 
scratch  the  other.  Diamond  is  the  hardest  of  all  bodies,  for  it  scratches  all, 
and  is  not  scratched  by  any.  The  hardness  of  a  body  is  expressed  by  re- 
ferring it  to  a  scale  ofhardfiess  :  that  usually  adopted  is — 

1.  Talc  5.  Apatite  8.  Topaz 

2.  Rock  salt  6.  Felspar  9.  Corundum 

3.  Calcspar  7.  Quartz  la  Diamond 

4.  Fluorspar 

Thus,  the  hardness  of  a  body  which  would  scratch  felspar,  but  would  be 
scratched  by  quartz,  would  be  expressed  by  the  number  6*5. 

The  pure  metals  are  softer  than  their  alloys.  Hence  it  is  that,  for  jewel- 
lery and  coinage,  gold  and  silver  are  alloyed  with  copper  to  increase  their 
hardness. 

Tlie  hardness  of  a  body  has  no  relation  to  its  resistance  to  compression. 
(>Iass  and  diamond  are  much  harder  than  wood,  but  the  latter  offers  far 
;,Teater  resistance  to  the  blow  of  a  hammer.  Hard  bodies  are  often  used 
for  polishing  powders  ;  for  example,  emery,  pumice,  and  tripoli.  Diamond, 
being  the  hardest  of  all  bodies,  can  only  be  ground  by  means  of  its  own 
powder. 

A  body  which  moves  with  great  velocity  can  cut  into  bodies  which  are 
harder  than  itselfl  Thus  a  disc  of  wrought  iron  rotating  with  a  velocity 
of  1 1  metres  in  a  second  was  cut  by  a  steel  graver ;  while  when  it  rotated 
with  a  velocity  of  20  metres,  the  edge  of  the  disc  could  cut  the  graver,  and 
with  a  velocity  of  50  to  100  metres  it  could  even  cut  into  agate  and  quartz. 

94.  Temper. — By  sudden  cooling  after  they  have  been  raised  to  a  high 
temperature,  many  bodies  acquire  great  hardness.  This  operation  is  called 
tempering.  All  cutting  instruments  are  made  of  tempered  steel.  There  are, 
however,  some  few  bodies  upon  which  tempering  produces  quite  a  contrary 
effect.  An  alloy  of  one  part  of  tin  and  four  parts  of  copper,  called  tamtam 
metat^  is  ductile  and  malleable  when  rapidly  cooled,  but  hard  and  brittle  as 
ijlass  when  cooled  slowly. 
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95.  Province  of  Kjdrostatlos. — The  science  of  hydrostatics  treats  of  the 
conditions  of  the  equilibrium  of  liquids,  and  of  the  pressures  they  exert, 
whether  within  their  own  mass  or  on  the  sides  of  the  vessels  in  which  they 
arc  contained. 

96.  Oeneral  obaraoters  of  llquies. —  It  has  been  already  seen  (4)  that 
liquids  are  bodies  whose  molecules  are  displaced  by  the  slightest  force. 
Their  fluidity,  however,  is  not  perfect ;  their  particles  always  adhere  slightly 
to  e^ch  other,  and  when  a  thread  of  liquid  moves,  it  attempts  to  drag  the 
adjacent  stationar>'  particles  with  it,  and  conversely  is  held  back  by  them. 
This  property  is  called  viscosity. 

Gases  also  possess  fluidity,  but  in  a  higher  degree  than  liquids.  The 
distinction  between  the  two  forms  of  matter  is  that  liquids  are  almost  incom- 
pressible and  are  comparatively  inexpansible,  while  gases  are  eminently 
compressible  and  expand  spontaneously. 

The  fluidity  of  liquids  is  seen  in  the  readiness  with  which  they  take  all 
sorts  of  shapes.  Their  compressibility  is  established  by  the  following  expe- 
riment. 

97.  Compresftlbllltj  of  liquids. — From  the  experiment  of  the  Florentine 
Academicians  (13),  liquids  were  for  a  long  time  regarded  as  being  completely 
incompressible.  Since  then  researches  have  been  made  on  this  subject  by 
various  physicists,  which  have  shown  that  liquids  are  really  compressible. 

The  apparatus  used  for  measuring  the  compressibility  of  liquids  has  been 
named  the  piezometer  (n-wfo),  I  compress  ;  \Urpnvy  measure).  That  shown  in 
fig.  64  consists  of  a  strong  glass  cylinder,  with  very  thick  sides,  and  an 
internal  diameter  of  about  3 j  inches.  The  base  of  the  cylinder  is  firmly 
cemented  into  a  wooden  foot,  and  on  its  upper  part  is  fitted  a  metal  c>iin- 
der  closed  by  a  cap  which  can  be  unscrewed.  In  this  cap  there  is  a  funnel, 
R,  for  introducing  water  into  the  cylinder,  and  a  small  barrel  hermetically 
closed  by  a  piston,  which  is  moved  by  a  screw,  P. 

In  the  inside  of  the  apparatus  there  is  a  glass  vessel,  A,  containing  the 
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liquid  to  be  compressed.  The  upper  part  of  this  vessel  terminates  in  a 
capillary  tube,  which  dips  under  mercury,  O.  This  tube  has  been  previously 
divided  into  parts  of  equal  capacity,  and  it  has  been  determined  how  many 
of  these  piarts  the  vessel  A  contains.  The  latter  is  ascertained  by  finding  the 
weight,  P,  of  the  mercury  which  the  reservoir, 
A,  contains,  and  the  weight,^,  of  the  mercury 
contained  in  a  certain  number  of  divisions,  n, 
of  the  capillary  tube.  If  N  be  the  number  of 
divisions  of  the  small  tube  contained  in  the 


whole  reservoir,  we  havi 


N  ^P 


from  which  the 


value  of  N  is  obtained.  There  is  further  a 
manometer.  This  is  a  glass  tube,  B,  containing 
air,  closed  at  one  end,  and  the  other  end  of 
which  dips  under  mercury.  When  there  is  no 
pressure  on  the  water  in  the  cylinder,  the  lube 
B  is  completely  full  of  air ;  but  when  the  water 
wiihin  the  cj-linder  is  compressed  by  means  of 
the  screw  V,  the  pressure  is  transmitted  to  the 
mercury,  which  rises  in  the  lube,  compressing 
the  air  which  it  contains.  A  graduated  scale 
Sxed  on  the  side  of  the  tube  shows  the  reduction 
of  volume,  and  this  reduction  of  volume  indicates 
the  pressure  exerted  on  the  liquid  in  the  cylin- 
der, as  will  be  seen  in  speaking  of  the  mano- 
meter (184;. 

In  making  the  experiment,  the  vessel  A  is 
filled  with  the  liquid  to  be  compressed,  and  the     '.|l 
end  dipped  under  the  mercury.     By  means  of 
the  funnel  R  the  cylinder  is  entirely  filled  with 
water.     The   screw    P    being   then    lumed   the  "*  "^ 

piston  moves  downwards,  and  the  pressure  exerted  upon  the  water  is  trans- 
mitted to  the  mercury  and  the  air  ;  in  consequence  of  which  the  mercury 
rises  in  the  tube  B,  and  alsu  in  the  capillary  tube.  The  ascent  of  mercury 
in  the  capillary  tube  shows  that  the  liquid  in  the  vessel  A  has  diminished  in 
volume,  and  gives  the  amount  of  its  compression,  for  the  capacity  of  the 
"hole  vessel  A  in  terms  of  the  graduated  divisions  on  the  capillary  lube  has 
been  previously  determined. 

In  his  first  experiments.  Oersted  assumed  that  the  capacity  of  the  vessel 
A  remained  the  same,  its  sides  being  compressed  both  internally  and  exter- 
nally by  ihe  liquid.  But  mathematical  analysis  proves  thai  this  capacity 
diminishes  in  consequence  of  the  external  and  internal  pressures.  Colladon 
and  Sturm  made  some  experiments  allowing  for  this  change  of  capacity  , 
ind  found  that  for  a  pressure  equal  to  that  of  the  atmosphere,  mercury 
experiences  a  compression  of  0000005  V^^  '^^  ''^  original  volume,  water  a 
compression  of  000005,  and  ether  a  compression  of  O'oooi33  part  of  its 
iiriginal  bulk.  The  compressibility  of  sea  water  is  only  about  a'000044  :  it  is 
not  materially  denser  even  at  great  depths  ;  thus  at  the  depth  of  a  mile  its 
density  would  only  be  about  jj„th  the  greater.     The  compressibility  is  greater 
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the  higher  the  original  temperature  ;  thus  that  of  ether  at  14°  is  one-fourth 
greater  than  its  compressibility  at  o^ 

For  water  and  mercury  it  was  also  found  that  within  certain  limits  the 
decrease  of  volume  is  proportional  to  the  pressure. 

Whatever  be  the  pressure  to  which  a  liquid  has  been  subjected,  experi- 
ment shows  that  as  soon  as  the  pressure  is  removed  the  liquid  regains 
its  original  volume,  from  which  it  is  concluded  that  liquids  are  perfectly 
elastic, 

98.  Sqoalltj  of  pressures.  Vasoftl's  law. — By  considering  liquids  as 
perfectly  fluid,  and  assuming  them  to  be  uninfluenced  by  the  action  of  gravity, 
the  following  law  has  been  established.  It  is  often  called  Pascal's  law,  for 
it  was  first  enunciated  by  him. 

Pressure  exerted  anywhere  upon  a  mass  of  liquid  is  transmitted  undi- 
minished in  all  directions^  and  acts  with  the  same  force  on  all  equal  surfaces^ 
and  in  a  direction  at  right  angles  to  those  surfaces. 

To  get  a  clearer  idea  of  the  truth  of  this  principle,  let  us  conceive  a  vessel 
of  any  given  form  in  the  sides  of  which  are  placed  various  cylindrical  aper- 
tures, all  of  the  same  size,  and  closed  by  movable 
pistons.  Let  us,  further,  imagine  this  vessel  to  be 
filled  with  liquid  and  unaflected  by  the  action  of 
gravity  :  the  pistons  will,  obviously,  have  no  ten- 
dency to  move.  If  now  upon  the  piston  A  (fig. 
65),  which  has  a  surface  a,  a  weight  of  P  pounds 
be  placed,  it  will  be  pressed  inwards,  and  the 
pressure  will  be  transmitted  to  the  internal  faces 
of  each  of  the  pistons  B,  C,  D,  and  E,  which  will 
each  be  forced  outwards  by  a  pressure  P,  their 
surfaces  being  equal  to  that  of  the  first  piston. 
Since  each  of  the  pistons  undergoes  a  pressure  P, 
equal  to  that  on  A,  let  us  suppose  two  of  the  pis- 
tons united  so  as  to  constitute  a  surface  2a,  it  will  have  to  support  a  pres- 
sure 2  P.     Similarly,  if  the  piston  were  equal  to  3^,  it  would  experience  a 

pressure  of  3P  ;  and  if  its  area 
were  100  or  1,000  times  that  of 
a^  it  would  sustain  a  pressure  of 
100  or  1,000  times  P.  In  other 
words,  the  pressure  on  any  part 
of  the  internal  walls  of  the 
vessel  would  be  proportional  to 
the  surface. 

The  principle  of  the  equality 
of  pressure  is  assumed  as  a 
consequence  of  the  constitution 
of  fluids.  By  the  following  ex- 
periment it  can  be  shown  that  pressure  is  transmitted  in  all  directions, 
although  it  cannot  be  shown  that  it  is  equally  transmitted.  A  cylinder 
provided  with  a  piston  is  fitted  into  a  hollow  sphere  (fig.  66),  in  which 
small  cylindrical  jets  are  placed  perpendicular  to  the  sides.  The  sphere 
and  the  cylinder  being  both  filled  with  water,  when  the  piston  is  moved 


Fig.  65. 


Fig.  66. 
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the  liquid  spouts  forth  from  all  the  orifices,  and  not  merely  from  that  which 
is  opposite  to  the  piston. 

The  reason  why  a  satisfactory  quantitative  experimental  demonstration 
of  the  principle  of  the  equality  of  pressure  cannot  be  given  is,  that  the 
influence  of  the  weight  of  the  liquid  and  of  the  friction  of  the  pistons  cannot 
be  eliminated. 

Yet  an  approximate  verification  may  be  effected  by  the  experiment 
represented  in  fig.  67.  Two  cylinders  of  diflerent  diameters  are  joined  by  a 
tube  and  filled  with  water.  On  the  surface  of  the  liquid  are  two  pistons  P 
and  /,  which  hermetically  close  the  cylinders,  but  move  without  friction. 
Let  the  area  of  the  large  piston  be^ 
for  instance,  thirty  times  that  of  the 
smaller  one.  That  being  assumed,  let 
a  weight,  say  of  two  pounds,  be  placed 
upon  the  small  piston  ;  this  pressure 
will  be  transmitted  to  the  water  and 
to  the  large  piston,  and  as  this  pres- 
sure amounts  to  two  pounds  on  each 
portion  of  its  surfaci  equal  to  that  of 
the  small  piston^  the  large  piston  must 
be  exposed  to  an  upward  pressure 
thirty  times  as  much,  or  of  sixty  pounds.  It  now  this  weight  be  placed 
upon  the  large  piston,  both  will  remain  in  equilibrium ;  but  if  the  weight  is 
jjreatcr  or  less,  this  is  no  longer  the  case.  If  S  and  s  are  tke  areas  of  the 
large  and  small  piston  respectively,  and  P  and  /  the  corresponding  loads 

then  -  -  -  ;  whence  P  -  ^ 
p      s  s 

It  is  important  to  observe  that  in  speaking  of  the  transmission  of  pres- 
sures to  the  sides  of  the  containing  vessel,  these  pressures  must  always  be 
supposed  to  be  perpendicular  to  the  sides  ;  for  any  oblique  pressure  may  be 
decomposed  into  two  others,  one  at  right  angles  to  the  side,  and  the  other 
aaing  parallel  with  the  side  ;  but  as  the  latter  has  no  action  on  the  side,  the 
perpendicular  pressure  is  the  only  one  to  be  considered. 


Fig.  67. 


PRESSURE  PRODUCED   IN   LIQUIDS   BY  GRAVITY. 

99.  ▼ertioal  downward  pressure  1  its  laws. — Any  given  liquid  being 
in  a  state  of  rest  in  a  vessel,  if  we  suppose  it  to  be  divided  into  horizontal 
layers  of  the  same  density,  it  is  evident  that  each  layer  supports  the  weight 
of  those  above  it.  Gravity,  therefore,  produces  internal  pressures  in  the 
mass  of  a  liquid  which  vary  at  different  points.  These  pressures  are 
^bmitted  to  the  following  general  laws  : — 

I.  The  pressure  in  each  layer  is  proportional  to  ike  depth. 

I I.  With  different  liquids  and  the  same  depth,  the  pressure  is  proper- 
tion*il  to  the  density  of  the  liquid. 

III.  The  pressure  is  the  same  at  all  points  of  the  same  horizontal  layer. 
The  first  two  laws  are  self-evident;  the  third  necessarily  follows  from 

the  first  and  from  Pascal's  principle. 
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Meyer  has  found,  by  direct  experiments,  that  pressures  arc  transmitted 
through  liquids  contained  in  tubes,  with  the  same  velocity  as  that  with  which 
sound  travels  in  the  same  circumstances. 

loa  VeitlcAl  upward  pressure. — The  pressure  which  the  upper  layers 
of  a  liquid  exert  on  the  lower  layers  causes  them  to  exert  an  equal  reaction 
in  an  upward  direction,  a  necessary  consequence  of  the  principle  of  trans- 
mission of  pressure  in  all  directions.  This  upward  pressure  is  termed  the 
buoyancy  of  liquids ;  it  is  very  sensible  when  the  hand  is  plunged  into  a 
liquid,  more  especially  one  of  great  density,  like  mercury. 

The  following  experiment  (fig.  68)  serves  to  exhibit  the  upward  pressure 
of  liquids.    A  large  open  glass  tube  A,  one  end  of  which  is  ground,  is  fitted 

with  a  ground-glass  disc  O,  or  still  better  with  a 
thin  card  or  piece  of  mica,  the  weight  of  which  may 
be  neglected.  To  the  disc  is  fitted  a  string  C,  by 
which  it  can  be  held  against  the  bottom  of  the 
lube.  The  whole  is  then  immersed  in  water,  and 
now  the  disc  does  not  fall,  although  no  longer  held  by 
the  string  ;  it  is  consequently  kept  in  its  position  by 
the  upward  pressure  of  the  water.  If  water  be  now 
slowly  poured  into  the  tube,  the  disc  will  only  sink 
when  the  height  of  the  water  inside  the  tube  is  equal 
to  the  height  outside.  It  follows  thence  that  the 
upward  pressure  on  the  disc  is  equal  to  the  pressure 
of  a  column  of  water,  the  base  of  which  is  the  in- 
ternal section  of  the  tube  A,  and  the  height  the 
distance  from  the  disc  to  the  upper  surface  of  the 
liquid.  Hence  the  upward  pressure  of  liquids  at  any  point  is  f^overned  by 
the  same  laws  as  tite  downwat'd pressure. 

loi.  VresBure  is  independent  ef  the  eliape  ef  Uie  Teseel. — The 
pressure  exerted  by  a  liquid,  in  virtue  of  its  weight,  on  any  portion  of  the 
liquid,  or  on  the  sides  of  the  vessel  in  which  it  is  contained,  depends  on  the 
depth  and  density  of  the  liquid,  but  is  independent  of  the  shape  of  the  vessel 
and  of  the  quantity  of  the  liquid. 

This  principle,  which  follows  from  the  law  of  the  equality  of  pressure, 
may  be  experimentally  demonstrated  by  many  forms  of  apparatus.  The 
following  is  the  one  most  frequently  used,  and  is  due  to  Haldat.  It  consists 
of  a  bent  tube,  AHC  (fig.  69),  at  one  end  of  which,  A,  is  fitted  a  stop-cock,  in 
which  can  be  screwed  two  vessels,  M  and  P,  of  the  same  height,  but  different 
in  shape  and  capacity,  the  first  being  conical,  and  the  other  nearly  cylin- 
drical. Mercur>'  is  poured  into  the  tube  AHC,  until  its  level  nearly 
reaches  A.  The  vessel  M  is  then  screwed  on  and  filled  with  water.  The 
pressure  of  the  water  acting  on  the  mercury  causes  it  to  rise  in  the  tube 
C,  and  its  height  may  be  marked  by  means  of  a  little  collar,  a,  which  slides 
up  and  down  the  tube.  The  level  of  the  water  in  M  is  also  marked  by  means 
of  the  movable  rod  o.  When  this  is  done,  M  is  emptied  by  means  of  the 
stopcock,  unscrewed,  and  replaced  by  P.  When  water  is  now  poured  in 
this,  the  mercur>',  which  had  resumed  its  original  level  in  the  tube  ABC, 
again  rises  in  C  :  and  when  the  water  in  P  has  the  same  height  as  it  had  in 
M,  which  is  indicated  by  the  rod  o,  the  mercury  will  have  risen  to  the 
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hoiglii  U  had  before,  which  is  marked  by  the  collar  a.  Hence  the  pressure 
on  the  mercury  in  both  cases  is  the  same.  This  pressure  is  iherefore  inde- 
|>endem  of  Ihe  shape  of  the  vessels,  and,  consequently,  also  of  ihe  quamiiy 


■•/ liquid.      Ihe  base  <i(  Ihe  vessel  is  obviously  Ihe  s; 
ihe  surface  of  the  mercury  in  the  interior  of  the  lube  A. 

Another  mode  of  demonstrating  this  principle  is  by  means  of  an  apparatus 
ileriscd  by  Masson.  In  this  (fig.  70)  the  pressure  of  Ihe  water  contained  in 
the  vessel  M  is  not  exerted  upon  the  column  of  mercury,  as  in  that  of 
Haldat,  but  on  a  small  disc  or  stop  ii,  which  closes  a  tubulure  c,  on  which  is 
Krewcd  the  vessel  M.  The  disc  is  not  fixed  to  the  tubulure,  but  is  sustained 
by  a  thread  attached  to  the  end  of  a  scale-beam.  At  the  other  end  is  a 
pan,  in  which  weights  can  be  placed  until  they  counterbalance  the  pressure 
euned  by  the  water  on  the  slop.  The  vessel  M  being  emptied  is  unscrewed, 
d  replaced  by  the  narrow  tube  P.  This  being  filled  to  the  same  height 
u  the  large  vessel,  which  is  observed  by  means  of  the  mark  c,  it  will  be 
iibMfTved  that  to  keep  the  disc  in  its  place  just  the  same  weight  must  be 
plwed  in  the  pan  as  before,  which  leads,  therefore,  to  the  same  conclusion 
■udoes  Haldat's  experiment.  The  same  result  is  obtained  if,  insiead  of  the 
Vertical  lube  P,  the  obliiiuc  tube  Q  be  screwed  to  the  tubulure, 

Fwitn  ti  consideration  of  these  principles  it  will  be  readily  seen  thai  a 
Wy  small  quantity  of  water  can  produce  considerable  pressures.  Let  us 
iougine  any  vessel — a  cask,  for  example— filled  with  water,  and  with  a  long 
nmo*  tube  lightly  fitted  into  the  side.  If  water  is  poured  into  the  tube, 
there  *t11  be  a  presiurc  on  the  bottom  of  the  cask  equal  10  ihe  weight  of  a 
column  of  water  whose  base  is  the  bottom  itself,  and  whose  height  is  equal 
■a  ttuB  of  the  water  in  the  tube.    The  pressure  may  be  made  as  great  a 
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please  ;  by  means  of  a  narrow  ihread  of  water  forty  feet  high,  Pascal  suc- 
ceeded in  bursting  a  very  solidly  constructed  cask. 

The  toy  known  as  the  hydrostatic  btllows  depends  on  the  same  principle, 
and  we  shall  see  a  most  important  application  of  it  in  the  hydraulic  press. 

From  the  principle  just  laid  down,  the  pressures  produced  at  the  bottom 
of  the  sea  may  be  calculated.  It  will  be  presently  demonstrated  that  the 
pressure  of  the  atmosphere  is  equal  to  that  of  a  column  of  sea  water  about 


thirty-thire  feet  hi<;h.  At  sea  the  lead  has  frequently  descended  to  a  depth 
of  thirteen  thousand  feet ;  at  the  bottom  of  some  seas,  therefore,  there  must 
be  a  pressure  of  four  hundred  atmospheres. 

\Qi.  rrBiBiira  on  the  aide*  af  veaaela. — Since  the  pressure  caused  by 
gravity  in  the  mass  of  a  liquid  is  transmitted  in  every  direction,  according  to 
the  general  law  of  the  transmission  of  fluid  pressure,  it  follows  that  at  every 
point  of  the  side  of  any  vessel  a  pressure  is  exerted,  at  right  angles  to 
the  side,  which  we  will  suppose  to  be  plane.  The  resultant  of  all  these 
pressures  is  the  total  pressure  on  the  siiies.  But  since  these  pressures  in- 
crease in  proportion  to  the  depth,  and  also  in  proportion  to  the  horizontal 
extent  of  their  side,  their  resultant  can  only  be  obtained  by  calculation, 
which  shows  that  the  total  pressure  on  any  given  portion  of  the  side  is  equal 
to  the  ■weight  of  a  column  of  liquid  which  has  this  portion  of  the  side  for  its 
base,  and  mhose  height  is  the  vertical  distance  from  the  centre  of  gravity  of 
tile  portion  to  the  surface  of  the  liquid.  If  the  side  of  a  vessel  is  a  curved 
surface  the  same  rule  gives  the  pressure  on  the  surface,  but  the  total  pres- 
sure is  no  longer  the  resultant  of  the  fluid  pressures. 

The  point  in  the  side  supposed  plane,  at  which  the  resultant  of  all  the 
pressure  is  applied,  is  called  the  centre  of  pressure,  and  is  always  below  the 
centre  of  gravity  of  the  side.  For  if  the  pressures  exerted  at  different  parts 
of  the  plane  side  were  equal,  the  point  of  application  of  their  resultant,  the 
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centre  of  pressure,  would  obviously  coincide  with  the  centre  of  gravity  of  the 
side.  Bui  since  the  pressure  increases  with  the  depth,  the  centre  of  pressure 
is  necessarily  below  the  centre  of  gravity.  This  point  is  determined  by  cal- 
culation, which  leads  to  the  following  results  : — 

i.  With  a  rectangular  side  whose  upper  edge  is  level  with  the  water,  the 
centre  of  pressure  is  at  two-thirds  of  the  line  which  joins  the  middle  of  the 
horizontal  sides  measured  from  the  top. 

ii.  With  a  triangular  side  whose  base  is  horizontal,  and  coincident  with 
the  level  of  the  water,  the  centre  of  pressure  is  at  the  middle  of  the  line 
which  joins  the  vertex  of  the  triangle  with  the  middle  of  the  base. 

ill.  With  a  triangular  side  whose  vertex  is  level  with  the  water,  the  centre 
of  pressure  is  in  the  line  joining  the  vertex  and  the  middle  of  the  base,  and 
at  three-fourths  of  the  distance  of  the  latter  from  the  vertex. 

103.  Xrar««t»ae  ptuwdox. — We  have  already  seen  that  the  pressure  011 
the  bottom  of  a  vessel  depends  neither  on  the  form  of  the  vessel  nor  on  the 
i|uantity  of  the  liquid,  but  simply  on  the  height  of  the  liquid  above  the 
bottom.  But  the  pressure  thus  exerted  must  not  be  confounded  with  the 
pressure  which  the  vessel  itself  exerts  on  the  body  which  supports  it.  The 
latter  Is  always  equal  to  the  combined  weight  of  the  liquid  and  the  vessel  in 
which  it  is  contained,  while  the  former  may  be  either  smaller  or  greater  than 
this  weight  according  to  the  form  of  the  vessel.  This 
(act  is  often  termed  the  hydrostatic  paradox,  because 
at  first  sight  it  appears  paradoxical. 

CD  (fig.  71)  is  a  vessel  composed  of  two  cylin- 
drical parts  of  unequal  diameters,  and  filled  with 
■  ater  to  a.  From  what  has  been  said  before,  the 
bottom  of  the  vessel  CI)  supports  the  same  pressure 
:is  if  its  diameter  were  everywhere  the  same  as  that 
of  its  lower  part ;  and  it  would  at  first  sight  seem  that 
ihe  scale  MN  of  the  balance,  in  which  the  vessel  CD 
is  placed,  ought  to  show  the  same  weight  as  if  there 
had  been  placed  in  it  a  cylindrical  vessel  having  the 
%ame  height  of  water,  and  having  the  diameter  of  the 
pan  D.  But  the  pressure  exerted  on  the  bottom  of 
the  vessel  is  not  all  transmitted  to  the  scale  MN  ;  for 

the  upu-ard  pressure  upon  the  surface  no  of  the  vessel  is  precisely  equal  to 
ibe  weight  of  the  extra  quantity  of  water  which  a  cylindrical  vessel  would 
contain,  and  balances  an  equal  portion  of  the  downward  pressure  on  m. 
Consequently,  the  pressure  on  the  plate  MN  is  simply  equal  to  the  weight  of 
the  vessel  CD  and  of  the  water  which  ii 


■lO.VS  OF  THE  EQUILIBRIUM  OF  LIQUIDS. 

D  orKlldBlA  In  a.  ilnKla  Teaael. — In  order  that  a  liquid 
may  remain  at  rest  in  a  vessel  of  any  given  form,  it  must  satisfy  the  two 
following  conditions  :— 

I.  Iti  sur/itce  must  be  everywhere  perpendicular  to  the  resultant  of  the 
fonts  liihick  act  on  iht  molecules  of  the  Uguid. 
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II.  Every  molecule  of  tlu  mass  of  the  liquid  must  be  subject  in  every 
iHrection  to  equal  and  contrary  pressures. 

The  second  condition  is  self-evident ;  for  if,  in  two  opposite  directions, 
tlie  pressures  exerted  on  any  given  molecule  were  not  equa.1  and  contrary, 
the  molecule  would  be  moved  in  the  direaion  of  the  (neater  pressure,  and 
there  would  be  no  equilibrium.  Thus  the  second  condition  follows  from  the 
principle  of  the  equality  of  pressures,  and  from  the  reaction  which  all  pres- 
sure causes  on  the  mass  of  liquids. 

To  prove  the  first  condition,  let  us  suppose  that  mp  is  the  resultant  of  all 
the  forces  acting  upon  any  molecule  m  on  the 
surface  (fig.  72),  and  that  this  surface  is  inclined 
in  reference  to  the  force  mp.  The  latter  can  con- 
sequently be  decomposed  into  two  forces,  mq  and 
iiif\  the  one  perj>endicutar  to  the  surface  of  the 
liquid,  and  the  other  to  the  direction  tnp.  Now  the 
first  force,  mq,  would  be  destroj'ed  by  the  resist- 
'■*■•  '■"  ance  of  the  liquid,  while  the  second  would  move 

the  molecule  in  the  direction  mf,  which  shows  .that  the  equilibrium  is  im- 
possible. 

If  gravity  be  the  force  acting  on  the  liquid,  the  direction  mp  is  vertical ; 
hence,  if  the  liquid  is  contained  in  a  basin  or  vessel  of  small  extent,  the  sur- 
face ought  to  be  plane  and  horizontal  (67),  because  then  the  direction  of 
gravity  is  the  same  in  every  point.  But  the  case  is  different  uith  liquid  sur- 
faces of  greater  e.\tcnt,  like  the  ocean.  The  surface  will  be  perpendicular 
to  the  direction  of  gravity  ;  but  as  this  changes  from  one  point  to  another, 
iind  always  lends  towards  a  point  near  the  centre  of  the  earth,  it  follows  that 
the  direaion  of  the  surface  of  the  ocean  will  change  also,  and  asstnne  a 
nearly  spherical  form. 

105.  ■dnillbrlDm  at  tbe  aum*  liquid  In  seTcral  aommsnlOKUBK  ' 
Tooeii.— When  several  vessels  of  any  given  form  communicate  with  each 
other,  there  will  be  equilibrium  when  the  liquid  in  each  vessel  satisfies  the 
>  preceding  conditions  (ro4),  and 
further,  u-hett  the  surfaces  of  the  li- 
quids in  all  the  vessels  are  in  Ike  same 
■  >ri:onta}  plane. 

In  the  vessels  .^BCU  (fig.  73), 
which  communicate  with  each  other, 
let  us  consider  any  transverse  section 
of  the  tube  mn :  the  liquid  can  only 
remain  in  equilibrium  as  long  as  the 
pressures  which  this  section  supports 
from  m  in  the  direction  of  «,  and  from 
n  in  the  direction  of  m,  are  equal  and 
opposite.  Now  it  has  been  already 
proved  that  these  pressures  are  respeC' 
tivcly  equal  to  the  weight  of  a  column 
Kig.  73.  of  water,  whose  base  is  the  supposed 

section,  and  whose  height  is  the  distance  from  the  centre  of  gravity  of  this 
section  to  the  surface  of  the  liquid.     If  we  conceive,  then,  a  horizontal  plane, 


Equilibriu 

\,  drawn  through  the  centre  of  gravity  of  ihis  seciior,  it  will  be  seen  that 
there  wilt  only  be  equilibrium  as  long  as  Ihe  height  of  the  liquid  above  this 
pLuie  is  the  same  in  each  vessel,  which  demonstrates  the  principle  enunciated. 
B  a(  •aperpoaed  llqntda. —  In  order  that  there  should 
be  equilibrium  when  several  heterogeneous  liquids  are  superposed  in  the 
e  vessel,  each  of  ihctn  must  satisfy  the  conditions  nccessarj-  for  a  single 
liquid  (1041 ;  and  further,  Ihtrt  will  be  stable  equilibrium  only  when  the 
ii^uiji  art  arranged  in  the  order  of  (heir  decreasing  densities  from  Ike 
iottam  upwards. 

The  last  condition  is  experimentally  demonstrated  by  means  of  ihe  phial 
ej four  eiemetiis.  This  consists  of  a  long  narrow  bottle  containing  mercury, 
vaicr  saturated  with  carbunalc  of  potass,  alcohol  coloured  red,  and  petroleum. 
\\'hcn  ihe  phial  is  shaken  the  liquids  mix,  but  when  it  is  allowed  to  rest  they 
Mrp.tralc  ;  the  mercury  sinks  to  the  bollom,  then  comes  the  water,  then  the 
alcohol,  and  then  the  petroleum.  This  is  the  order  of  the  decreasing  densi* 
ties  of  the  bodies.     The  water  is  saturated  with  carbonate  of  potass  to  prevent 

4  jnixtog  with  the  alcohol. 

This  separation  of  the  liquids  is  due  to  ihe  same  cause  as  that  which 
enables  solid  bodies  to  float  on  the  surface  of  a  liquid  of  greater  density  than 
iheir  own.  It  is  also  on  this  account  that  fresh  water,  at  the  mouths  of  rivers, 
lluats  for  a  long  lime  on  the  denser  salt  water  of  the  sea  :  and  it  is  for  the 
inume.  reason  that  cream,  which  is  lighter  than  milk,  rises  lo  the  surface- 
to?.  aoolUbriiuo  Of  two  dtCnrent  llqnltfa  In  amnmunl otlny  Teiaels. 
— When  two  liquids  of  different  densities,  which  do  not  mix,  are  contained 

io  two  communicating  vessels,  they  will   be  in  equilibrium  when,  in  addition 
10  the  preceding  principles,  they  are  subject 

10  the  following  :  that  the  heights  above  Ike 

hariiotUal  surface  of  contact  of  two  columns 

if  liquid  in  equilibrium  are  in  Ike  inverse 

ratia  tif  their  densities. 

To  ihow  this  experimentally,  mercury  is 

poured   imo  a  bent  glass  tube,  mn,  fifed 

tgaiftst  an  upright  wooden  support  (tig.  74), 

•od  then  water  is  poured  into  one  of  the 

legi,  A8.     The  column  of  water,  AB,  press- 
ing on  the  mercur)-  at   H,  lowers  its  level  in 

the  leg  AB,  and  raises  ii  in  the  other  by  a   J 

[{uuitity  CD  ;  so  that  if,  when  equilibrium 

u  riiablithed,  we  imagine  a  horiiontal  plar 

BC,  in  psas  ihrnugh  H,  the  column  of  wat        ^^^^^^^^^^^^^^^^^ 

in  AB  will  balance  the  column  of  mercury     ^^^^^^^^^^^^^^^^^ 

CD.     If  the  heights  of  these  two  columns  pjg  „. 

«e  then  mcasnrcd,  by  means  of  the  scales, 

n  will  be  found  that  the  height  of  the  column  of  water  is  ahoiit  13^  times 

thai  of  the  height  of  the  column  of  mercury.     We  shall  presently  see  that 

the  density  of  mercury  is  about  1 3I  times  thai  of  water,  from  which  it  follows 

thtt  the  hei|;his  are  inversely  as  the  densities. 

It  may  be  added  thai  the  equilibrium  cannot  exist  unless  there  is  a  sufficient 

qimiMity  of  ibc  hearitr  liquid  for  part  of  il  to  remain  in  both  legs  of  the  lube. 
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The  preceding  principle  may  be  deduced  by  a  vcrj'  simple  calculation. 
Let  d  and  if  be  the  densities  of  water  and  mercury,  and  h  and  h'  their  re- 
spective heights,  and  let  g  be  the  force  of  gravity.  The  pressure  on  B  will 
be  proportional  to  the  density  of  the  liquid,  to  its  height,  and  to  the  force  of 
;,'ravity  ;  on  the  whole,  therefore,  to  the  product  dhg.  Similarly  the  pres- 
sure at  C  will  be  proportional  to  d'h'g.  But  in  order  to  produce  equilibrium, 
lihg  must  be,  equal  to  d'h'g^  or  dh^d'h'.  This  is  nothing  more  than  an 
algebraical  expression  of  the  above  principle  ;  for  since  the  two  products 
must  always  be  equal,  d'  must  be  as  many  times  greater  than  d  as  k'  is  less 

In  this  manner  the  density  of  a  liquid  may  be  determined.  Suppose  one 
of  the  branches  contained  water  and  the  other  oil,  and  their  heights  were, 
respectively,  15  inches  for  the  oil  and  14  inches  for  the  water.  The  density 
i>f  water  being  taken  as  unity,  and  that  of  oil  being  called  j-,  ue  shall  have 


IS- 


=  14  X  I  ;  whence  x=  -J'  =  o'933 


APPLICATIONS  OF  THE  PRECEDING  HYDROSTATIC  PRINCIPLES. 
oE.  Hrdr&nllG  presi.— The  law  of  the  equality  of  pressure  has  received 
jst   important  application   in  the  hydraulic  press,  a  machine  by  which 


s  pressures  may  be  produced.     Us  principle  is  due  to  Pascal,  but  H 
s  first  constructed  by  Bramah  in  1796. 

a  cylinder,  B,  with  very  strong  thick  sides  (fig.  75),  in 


-loq 


Hydraulic  Press. 


89 


which  there  is  a  cast-iron  ram,  P,  working  water-tight  in  the  collar  of  the 
cylinder.  On  the  ram  P  there  is  a  cast-iron  plate  on  which  the  substance 
10  be  pressed  is  placed.  Four  strong  columns  serve  to  support  and  fix  a 
second  plate  Q. 

By  means  of  a  leaden  pipe  K,  the  cylinder  B,  which  is  filled  with  water, 
communicates  with  a  small  force-pump  A,  which  works  by  means  of  a  lever 
M.  When  the  piston  of  this  pump  j>  ascends,  a  vacuum  is  produced,  and  the 
water  rises  in  the  tube  a,  at  the  end  of  which  there  is  a  rose,  to  prevent  the 
entrance  of  foreign  matters.  When  the  piston  p  descends,  it  drives  the  water 
into  the  cylinder  by  the  tube  K. 

Fig.  76  represents  a  section,  on  a  larger  scale,  of  the  system  of  valves 
necessary  in  working  the  apparatus-  The  valve  o,  below  the  piston  p,  opens 
when  the  piston  rises, 
and  closes  when  it 
descends.  The  valve 
0,duringthis  descent, 
is  opened  by  the  '■ 
pressure  of  the  water 
which  passes  by  the 
pipe  K.  The  valve  1 
is  a  safety-valve,  held 
by  a    weight    which 

of  a  lever.  By  weight- 
ing the  latter  to  a 
l^reater  or  less  extent 
ihe   pressure    can  be 

regulated,  for  as  soon  as  there  is  an  upward  pressure  greater  than  that  of 
ihe  weight  upon  h,  it  opens  and  water  escapes.  A  screw  r  serves  to  relieve 
ihe  pressure,  for  when  it  is  opened  it  affords  a  passage  for  the  efflu.x  of  the 
water  in  the  cylinder  B. 

A  most  important  part  is  the  leather  collar,  n,  the  invention  of  which  by 
Bramah  removed  the  difhculiies  which  had  been  experienced  in  making  the 
large  ram  work  water-tight  when  submitted  to 
i,Teai  pressures.  It  consists  of  a  circular  piece 
of  stout  leather  (fig.  77),  saturated  with  oil  so  as 
Hi  be  impcn-ious  to  water,  in  the  centre  of  which  | 
s  circular  hole  is  cut.  This  piece'  is  bent  so 
ihat  a  section  of  it  represents  a  reversed  U,  and 
is  fitted  into  a  groove  n  made  in  the  neck  of  the 
■•ylhnder.  TTiis  collar  being  concave  downwards, 
in  proportion  as  the  pressure  increases,  it  fits  ttie  r 
ram  P  on  one  side  and  the  neck  of  the  cylinder  i 
prevents  any  escape  of  water. 

The  pressure  which  can  be  obtained  by  this  press  depends  on  the  relation 
'if  the  piston  V  to  that  of  the  piston  p.  If  the  former  has  a  transverse  section 
lilty  or  a  hundred  limes  as  large  as  the  latter,  Ihe  upward  pressure  on  the 
large  piston  will  be  fifty  or  a  hundred  times  that  exerted  upon  the  small  one. 
By  means  of  the  lever  M  an  additional  advantage  is  obtained.     If  the 


i  tightly  against  the 
:he  other,  and  quite 
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distance  from  the  fulcrum  to  the  point  where  the  power  is  applied  is  five  times 
the  distance  from  the  fulcrum  to  the  piston/,  [he  pressure  onp  will  be  five 
times  the  power.  Thus,  if  a  man  acts  on  M  with  a  force  of  sixty  pounds, 
the  force  transmitted  by  the  piston  p  will  be  300  pounds,  and  the  force  which 
tends  to  raise  the  pistun  P  will  be  30,000  pounds,  supposing  the  section  of  V 
is  a  hundred  times  that  ai p. 

The  hydraulic  press  is  used  in  all  cases  in  which  };real  pressures  are  re- 
quired. It  is  used  in  pressing  doth  and  paper,  in  extracting  the  juice  of  beet- 
root, in  compressing  hay  and  cotton,  in  expressing  oil  from  seeds,  and  in 
bending;  iron  plates  ;  it  also  serves  lo  test  the  strength  of  cannon,  of  steam 
boilers,  and  of  chain  cables.  The  parts  composing  the  tubular  bridge  which 
spans  the  Menai  Straits  were  raised  by  means  of  an  hydraulic  press.  The 
cyhnder  of  this  machine,  the  largest  which  has  ever  been  constructed,  was 
nine  feet  long,  and  cweniy-two  inches  in  internal  diameter  ;  it  was  capable 
of  raising  a  weight  of  two  thousand  tons. 

The  principle  of  the  hydraulic  press  is  advantageously  employed  in  cases 
in  which  great  power  is  dhly  required  at  intervals,  such  as  in  opening  dock 
gates,  in  lifts  in  hotels,  warehouses,  and  the  like.  In  these  cases  an  accu- 
mulator is  used.  The  piston  P  is  loaded  with  very  (;reat  weights,  and  w.iter 
is  forced  into  the  cylinder  B  by  powerful  pumps.  From  the  bottom  of  this 
i;ylinder  a  tube  conducts  water  lo  any  place  where  the  power  is  to  be  applied, 
and  the  flow  of  even  small  quantities  of  water  can  perform  a  great  amount 

Suppose,  for  instance,  the  area  of  the  piston  P  is  four  square  feet,  and 
that  it  has  a  load  of  100  tons  ;  that  represents  a  pressure  of  over  370  pounds 
on  the  square  inch,  or  more  than  25  atmospheres.  When  the  large  piston 
sinks  through  the  -,Uh  of  an  inch  about  a  pint  of  water  will  ilow  out,  and 
this  itjjriLscnts  ;i  t>  nrk  of  about  1, loo  foot-pounds. 

lu'v.  'Water  levei.^The  wcUo-  levti  IS  an  application  of  the  conditions 


of  equilibrium  in  communicating  vessels,  ll  consists  of  a  metal  tube  bent 
at  both  ends,  in  which  are  fitted  glass  tubes  D  and  E  {fig,  78).  Il  is  placed 
on  a  tripod,  and  water  poured  in  until  it  rises  in  both  legs.  When  the  liquid 
is  at  rest,  the  level  of  the  waler  in  both  lubes  is  the  same ;  that  is,  they  are 
both  in  the  same  horizontal  plane. 

"s  used  in  levelling,  or  ascertaining  how  much  one  point 
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is  higher  Ihan  another.  If,  for  example,  it  is  desired  to  find  the  difference 
between  the  heights  of  B  and  A,  a  levtlling-slaff'i^  fixed  on  the  latter  place. 
This  staff  consists  of  a  rule  formed  of  two  sliding  pieces  of  wood,  and  sup- 
porting a  piece  of  tin  plate  M,  in  the  centre  of  which  there  is  a  mark.  This 
iXaS  being  held  vertically  at  A,  at)  observer  looks  at  it  through  the  level 
dlong  the  surfaces  D  and  E,  and  directs  the  holder  to  raise  or  lower  the  slide 
until  the  mark  is  in  the  prolongation  of  the  line  D£.  The  height  AM  is 
then  measured,  and  subtracting  it  from  the  height  of  the  level,  the  height  of 
the  point  A  above  B  is  obtained. 

I  lo.  anrtt  level.— The  spirit  level  is  both  more  delicate  and  more  ac- 
curate than  the  water  level.  It  consists  of  a  glass  lube  AB  (fig.  79),  very 
slightly  cuned ;  that    is, 

ibc  lobe,  instead  of  being  *  "' 

a  true  cylinder  as  it  seems 
to  be,  is  in  faa  slightly 
curved  in  such  a  manner 
(bat  its  axis  is  an  arc  of  a 
circle  of  very  large  radius. 
It  is  tilled  with  spirit  with 
the  exception  of  a  bubble 
of  air,  which  tends  to 
occtip>'  the  highest  part. 
The  tube  is  placed  in  a 
br»ss  case   CD   (fig.   So),  "*■'^■ 

which  is  so  arranged  that  when  it  is  in  a  perfectly  horizontal  position  the 
tnjbble  of  air  is  exactly  between  the  two  points  marked  in  the  case. 

To  take  levels  with  this  apparatus,  it  is  fixed  on  a  telescope,  which  can 
consequently  be  placed  in  a  horizontal  position. 

111.  ArtBitan  walla.— All  natural  colleaions  of  water  exemplify  the 
tendency  of  water  to  find  its  level.  Thu:;,  a  group  of  lakes,  such  as  the 
great  lakes  of  North  America,  may  be  regarded  as  a  number  of  vessels  in 
iiommunication.  and  conse([uently  the  waters  tend  10  maintain  the  same 
level  in  all.  This,  too.  is  the  case  with  the  source  of  a  river  and  the  sea, 
4nd,  as  the  latter  is  on  the  lower  level,  the  river  continually  flows  down  to 
the  sea  along  its  bed,  which  is,  in  fact,  the  means  of  communication  between 
the  two. 

Perhaps  ihc  most  striking  instance  of  this  class  of  natural  phenomena  is 

thai  oi  arlisian  wells.     These  wells  derive  their  name  from  the  province 

uf  Ariois,  where  it  has  long  been  customary  to  dig  them,  and  whence  their 

u»c  in  Other  pans  of  France  and  Europe  was  derived.     It  seems,  however, 

I     llatat  a  very  remote  period  wells  of  the  same  kind  were  dug  in  China  and 

^^^Hm  understand  the  theory  of  these  wells  it  must  be  premised  that  the 
^^^^^Bconiposing  the  earth's  crust  are  of  two  kinds  :  the  aae.  permeailt  to 
^^^B^ancU  as  sand,  gravel,  &c.  ;  the  other  impermeable,  such  as  clay.  Let 
MMppOiC,  then,  a  geographical  basin  of  greater  or  less  extent,  in  which  the 
i»n  impermeable  layers  AH,  CD  (fig.  8 1 ),  enclose  between  them  a  permeable 
Ujw  KK.  The  rain-water  falling  «n  the  part  of  this  layer  which  comes  tg 
the  Mufua,  which  is  called  the  outcrop,  will  filter  through  it,  and  following 
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the  natural  fall  of  the  ground  will  collect  in  ihe  hollow  of  the  basin,  whence 
it  cannot  escape  ouing  to  the  impenneable  strata  above  and  below  it  If, 
now,  a  vertical  hole,  1,  be  sunk  down  to  the  water-bearing  stratum,  the 
water  striving  to  regain  its  level  will  spout  out  to  a  height  which  depends  on 
the  difference  between  the  levels  of  Ihe  outcrop  and  of  the  point  at  which 
the  perforation  is  made. 

The   waters   which  feed  artesian  wells   often  come  from  a  distance  of 
sixty  or  seventy  miles.     The  depth  varies  in  different  places.     The  well  at 


Fig.  S.. 

Grenellc  is  i,8oo  feet  deep  ;  it  gives  656  gallons  of  water  in  a  minute,  and 
is  one  of  the  deepest  and  most  abundant  which  has  been  made.  The 
temperature  of  the  water  is  27'  C.  It  follows  from  the  law  of  the  in- 
crease of  temperature  with  the  increasing  depth  below  the  surface  of  the 
t;round,  that,  if  this  well  were  210  feet  deeper,  the  water  would  have  all 
the  year  round  a  temperature  of  32°  C. ;  that  is,  the  ordinary  temperature  of 
baths. 

BODIES   IMMERSED  IN  LIQUIDS. 

1 1 2.  Fr«HDr«  aapportad  by  ft  tMdr  iiiim«ra«d  In  »  U«alA. — When  a 
solid  is  immersed  in  a  liquid,  every  portion  of  its  surface  is  submined  to  a 
perpendicular  pressure  which  increases  with  the  depth.  If  we  imagine  all 
these  pressures  decomposed  into  horizontal  and  vertical  pressures,  the  first 
set  are  in  equilibrium.  The  vertical  pressures  are  obviously  unequal,  and 
will  tend  to  move  the  body  upwards. 

Let  us  imagine  a  cube  immersed  in  a  mass  of  water  (tig.  81),  and  that 
four  of  its  edges  are  vertical.  The  pressures  upon  the  four  vertical  faces  being 
clearly  in  equilibrium,  we  need  only  consider  the  pressures  exerted  on  the 
horizontal  faces  A  and  B.  The  lirst  is  pressed  downwards  by  a  column  of 
water  whose  base  is  the  face  A,  and  whose  height  is  AD  ;  the  lower  face  B 
is  pressed  upwards  by  the  weight  of  a  column  of  water  whose  base  is  the 
face  itself,  and  whose  height  is  BD  (100).  The  cube,  therefore,  is  urged 
upwards  by  a  force  equal  to  the  difference  between  these  two  pressures, 
which  latter  is  manifestly  equal  to  the  weight  of  a  column  of  water  having 
the  same  base  and  the  same  height  as  this  cube.     Consequently  this  upward 
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pressure  is  equal  to  the  weight  of  the  volume  of  water  displaced  by  the  im* 
mersed  body. 

We  shall  readily  see  from  the  following  reasoning  that  every  body 
immersed  in  a  liquid  is  pressed  upwards  by  a  force  equal  to  the  weight  of 
the  displaced  liquid.  In  a  liquid  at  rest,  let  us  sup- 
pose a  portion  of  it  of  any  given  shape,  regular  or 
irregular,  to  become  solidified,  without  either  increase 
or  decrease  of  volume.  The  liquid  thus  solidified 
will  remain  at  rest,  and  therefore  must  be  acted  upon 
by  a  force  equal  to  its  weight,  and  acting  vertically 
upwards  through  its  centre  of  gravity  ;  for  otherwise 
motion  would  ensue.  If  in  the  place  of  the  solidified 
water  we  imagine  a  solid  of  another  substance  of 
exactly  the  same  volume  and  shape,  it  will  necessarily 
receive  the  same  pressures  from  the  surrounding 
liquid  as  the  solidified  portion  did ;  hence,  like  the 
latter,  it  will  sustain  the  pressure  of  a  force  acting 
vertically  upwards  through  the  oentre  of  gravity  of 
the  displaced  liquid,  asd  equal  to  the  weight  of  the 
displaced  liquid  If,  as  almost  invariably  happens,  the  liquid  is  of  uniform 
density,  the  centre  of  gravity  of  the  displaced  liquid  means  the  centre  of 
gravity  of  the  immersed  part  of  the  body  supposed  to  be  of  uniform  density. 
This  distinction  is  sometimes  of  importance  :  for  example,  if  a  sphere  is 
composed  of  a  hemisphere  of  iron  and  another  of  wood,  its  centre  of  gravity 
would  not  coincide  with  its  geometrical  centre  ;  but  if  it  were  placed  under 
water,  the  centre  of  gravity  of  the  displaced  water  would  be  at  the  geometrical 
centre  ;  that  is,  would  have  the  same  position  as  the  centre  of  gravity  of  the 
sphere  if  of  uniform  density. 

113.  Viiaeiple  of  Arobimedes. — The  preceding  principles  prove  that 
every  body  immersed  in  a  liquid  is  submitted  to  the  action  of  two  forces  ; 
gravity  which  tends  to  lower  it,  and  the  buoyancy  of  the  liquid  which  tends 
to  raise  it  with  a  force  equal  to  the  weight  of  the  liquid  displaced.  The 
weight  of  the  body  is.  either  totally  or  partially  overcome  by  this  buoyancy, 
from  which  it  is  concluded  that  a  body  immersed  in  a  liquid  loses  a  part  of 
its  weight  equal  to  the  weight  of  the  displaced  liquid. 

This  principle,  which  is  the  basis  of  the  theory  of  immersed  and  floating 
bodies,  is  called  the  principle  of  Archimedes,  after  the  discoverer.  It  may 
be  shown  experimentally  by  means  of  the  hydrostatic  balance  (fig.  83).  This 
is  an  ordinary  balance,  each  pan  of  which  is  provided  with  a  hook ;  the 
beam  can  be  raised  by  means  of  a  toothed  rack,  which  is  worked  by  a  little 
pinion,  C.  A  catch,  D,  holds  the  rack  when  it  has  been  raised.  The  beam 
i>eing  raised,  a  hollow  brass  cylinder,  A,  is  suspended  from  one  of  the  pans, 
and  below  this  a  solid  cylinder,  B,  whose  volume  is  exactly  equal  to  the 
capacity  of  the  first  cylinder ;  lastly,  an  equipoise  is  placed  in  the  other  pan. 
If  now  the  hollow  cylinder  A  be  filled  with  water  the  equilibrium  is  disturbed  : 
but  if  at  the  same  time  the  beam  is  lowered  so  that  the  solid  cylinder  B  be- 
comes immersed  in  a  vessel  of  water  placed  beneath  it,  the  equilibrium  will 
be  restored.  By  being  immersed  in  water  the  cylinder  B  loses  a  portion  of 
it>  weight  equal  to  that  of  the  water  in  the  cylinder  A.     Now  as  the  capacity 
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of  tlic  cylindei  A  is  exactly  equal  to  the  volume  of  the  cylinder  B,  the  prin- 
ciple which  has  been  before  laid  down  is  proved. 


114  DetarmlDMlon  af  tb*  volnmB  of  Kbodj-. — Theprincjple  of  Archi- 
medes furnishes  a  method  for  obtaining  the  volume  of  a  body  of  any  shape. 
proiidcd  it  is  not  soluble  in  water.  The  body  is  suspended  by  a  fine  thread 
to  the  hytjfoslalic  balance,  and  is  weighed  first  in  the  air,  and  then  in  dis- 
tilled water  at  *4-'',C.  The  loss  of  weight  is  the  weight  of  the  displaced  water, 
from  which  the  volume  of  the  displaced  water  is  readily  calculated.  But 
this  volume  is  manifestly  that  of  the  body  itself  Suppose,  for  example,  iSS 
grammes  is  the  loss  of  weight.  This  is  consequently  the  weight  of  the 
displaced  water.  Now  it  is  known  that  a  gramme  is  the  weight  of  a  cubic 
centimetre  of  water  at  4°  ;  consequently,  the  volume  of  the  body  immersed 
is  155  cubic  centimetres. 

[  [  5.  S«BlUbrium  of  noatiBf  bodies. — A  body  when  floating  is  acted  on 
by  two  forces,  namely,  its  weight,  which  acts  vertically  downwards  through 
its  centre  of  gravity,  and  the  resultant  of  the  fluid  pressures,  which  (1 1 2)  acts 
vertically  upwards  through  the  centre  of  gravity  of  the  fluid  displaced ;  but 
if  the  b<idy  is  at  rest  these  two  forces  must  be  equal  and  act  in  opposite 
directions  ;  whence  follow  the  conditions  of  equilibrium,  namely, — 
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Fig.  86. 


i.  The  floating  body  must  displace  a  volume  of  liquid  whose  weight  equals 
that  of  the  body, 

n.  The  centre  of  gravity  of  the  floating  body  must  be  in  the  same  vertical 
line  with  that  of  the  fluid  displtued. 

Thus,  in  ^%,  84,  if  C  is  the  centre  of  gravity  of  the  body,  and  G  that  of 
the  displaced  fluid,  the  line  GC  must  be  vertical,  since  when  it  is  so  the 
weight  of  the  body  and  the  fluid  pressure  will  act  in'  opposite  directions 
along  the  same  line,  and  will  be  in  equilibrium  if  equal.  It  is  convenient, 
with  reference  to  the  subject  of  the  present  article,  to  speak  of  the  line  CG 
produced  as  the  axis  of  the  body. 

Next  let  it  be  inquired  whether  the  equilibrium  be  stable  or  unstable. 
Suppose  the  body  to  be  turned  through  a  small  angle  (fig.  85),  so  that  the 
axis  takes  a  position 
inclined  to  the  vertical. 
The  centre  of  gravity 
of  the  displaced  fluid 
will  no  longer  be  G, 
but  some  other  point, 
(i'.  And  since  the  fluid 
pressure  acts  vertically 
upwards  through  G', 
its  direction  will  cut 
the  axis  in  some  point 
M',  which  will  gene- 
rally have  different  positions  according  as  the  inclination  of  the  axis  to 
the  vertical  is  greater  or  smaller.  If  the  angle  is  indefinitely  small,  M'  will 
have  a  definite  position  M,  which  always  admits  of  determination,  and  is 
railed  the  metacentre. 

If  we  suppose  M  to  be  above  C,  an  inspection  of  fig.  86  will  show  that 
when  the  body  has  received  an  indefinitely  small  displacement,  the  weight  of 
the  body  W,  and  the  resultant  of  the  fluid  pressures  R,  tend  to  bring  the 
Ixxly  back  to  its  original  position  ;  that  is,  in  this  case  the  equilibrium  is 
stable  (70).  If,  on  the  contrary,  M  is  below  C,  the  forces  tend  to  cause  the 
axis  to  deviate  farther  from  the  vertical,  and  the  equilibrium  is  unstable. 
Hence  the  rule — 

iii.  The  equilibrium  of  a  floating  body  is  stable  or  unstable  according  as 
the  metacentre  is  above  or  below  the  centre  of  gravity. 

The  determination  of  the  metacentre  can  rarely  be  effected  except  by 
means  of  a  somewhat  difficult  mathematical  process.  When,  however,  the 
fonn  of  the  immersed  part  of  a  body  is  spherical  it  can  be  readily  determined ; 
for  since  the  fluid  pressure  at  each  point  converges  to  the  centre,  and  con- 
tinues to  do  so  when  the  body  is  slightly  displaced,  their  resultant  must  in 
all  cases  pass  through  the  centre,  which  is  therefore  the  metacentre.  To 
illustrate  this  :  let  a  spherical  body  float  on  the,  surface  of  a  liquid  (fig.  87) ; 
then,  its  centre  of  gravity  and  the  metacentre  both  coinciding  with  the 
;fcometrical  centre  C,  its  equilibrium  is  neutral  (70).  Now  suppose  a  small 
heavy  bfxly  to  be  fastened  at  P,  the  summit  of  the  vertical  diameter.  The 
centre  of  gravity  will  now  be  at  some  point  G  above  C.     Consequently,  the 
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Fig.  87. 


equilibrium  is  unstable,  and  the  sphere,  left  to  itself,  will  instantly  turn  over 
and  will  rest  when  P  is  the  lower  end  of  a  vertical  diameter. 

On  investigating  the  position  of  the  metacentre 
of  a  cylinder,  it  is  found  that  when  the  ratio  of 
the  radius  to  the  height  is  greater  than  a  certain 
quantity,  the  position  of  stable  equilibrium  is  that 
in  which  the  axis  is  vertical ;  but  if  it  be  l^s  than 
that  quantity,  the  equilibrium  is  stable  when  the 
axis  is  horizontal.  For  this  reason  the  stump  of  a 
tree  floats  lengthwise,  but  a  thin  disc  of  wood  floats 
flat  on  the  water.  Hence,  also,  if  it  is  required  to 
make  a  cylinder  of  moderate  length  float  with 
its  axis  vertical,  it  is  necessary  to  load  it  at  the 
lower  end.  By  so  doing  its  centre  of  gravity  is  brought  below  the  meta- 
centre. 

The  determination  of  the  metacentre  and  of  the  centre  of  gravity  is  of 
great  importance  in  the  stowage  of  vessels,  for  on  their  relative  positions 
the  stability  depends. 

116.  Cartesian  diver. — The  different  effects  of  suspension,  immersion, 

and  floating  are  reproduced  by  means  of  a  well- 
known  hydrostatic  toy,  the  Cartesian  diver  (fig.  88). 
It  consists  of  a  glass  cylinder  nearly  full  of  water, 
on  the  top  of  which  a  brass  cap,  provided  with  a 
piston,  is  hermetically  6tted.  In  the  liquid  there  is 
a  little  porcelain  6gure  attached  to  a  hollow  glass 
ball  ^,  which  contains  air  and  water,  and  floats  on 
the  surface.  In  the  lower  part  of  this  ball  there  is 
a  little  hole  by  which  water  can  enter  or  escape, 
according  as  the  air  in  the  interior  is  more  or  less 
compressed.  The  quantity  of  water  in  the  globe 
is  such  that  very  little  more  is  required  to  make  it 
sink.  If  the  piston  is  slightly  lowered  the  air  is 
compressed,  and  this  pressure  is  transmitted  to  the 
water  of  the  vessel  and  the  air  in  the  bulb.  The 
consequence  is  that  a  small  quantityof  water  pene- 
trates into  the  bulb,  which  therefore  becomes 
heavier  and  sinks.  If  the  pressure  is  relieved, 
the  air  in  the  bulb  expands,  expels  the  excess  of 
water  which  had  entered  it,  and  the  apparatus, 
being  now  lighter,  rises  to  the  surface.  The  ex- 
periment may  also  be  simplified  by  replacing  the 
brass  cap  and  piston  by  a  cover  of  sheet  india- 
rubber,  which  is  tightly  tied  over  the  mouth  ;  when 

this  is  pressed  by  the  hand  the  same  effects  are  produced. 

117.  Swimminr-bladder  of  flstaes. — Most  fishes  have  an  air-bladder 
below  the  spine,  which  is  called  the  swimming-bladder.  The  fish  can  com- 
press or  dilate  this  at  pleasure  by  means  of  a  muscular  effort,  and  produce 
the  same  effects  as  those  just  described — that  is,  it  can  either  rise  or  sink  in 
water. 


Fig.  88. 
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118.  Swlmmlar- — The  human  body  is  lighter,  on  the  whole,  than  an 
equal  volume  of  water  :  it  consequently  floats  on  the  surface,  and  still  better 
in  sea-water  which  is  heavier  than  fresh  water.  The  difficulty  in  swimming 
consists  not  so  much  in  floating,  as  in  keeping  the  head  above  water,  so  as 
to  breathe  freely.  In  man  the  head  is  heavier  than  the  lower  parts,  and 
consequently  tends  to  sink,  and  hence  swimming  is  an  art  which  requires  to 
be  learned.  With  quadrupeds,  on  the  contrary,  the  head  being  less  heavy 
than  the  posterior  parts  of  the  body,  remains  above  water  without  any  effort, 
and  these  animals  therefore  swim  naturally. 


SPFXIFIC  GRAVITY — HYDROMETERS. 

119.  Setannbiatloii  of  speoiflo  gravities. — It  has  been  already  ex- 
plained (24)  that  the  specific  gravity  of  a  body,  whether  solid  or  liquid,  is  the 
number  which  expresses  the  relation  of  the  weight  of  a  given  volume  of  this 
body  to  the  weight  of  the  same  volume  of  distilled  water  at  a  temperature 
of  4^  In  order,  therefore,  to  calculate  the  specific  gravity  of  a  body,  it  is 
sufficient  to  determine  its  weight  and  that  of  an  equal  volume  of  water,  and 
then  to  divide  the  first  weight  by  the  second :  the  'quotient  is  the  specific 
gravity  of  the  body. 

Three  methods  are  commonly  used  in  determining  the  specific  gravities 
of  solids  and  liquids.  These  are — ist,  the  method  of  the  hydrostatic  balance  ; 
2nd,  that  of  the  hydrometer ;  and  3rd,  the  specific  gravity  flask.  All  three, 
however,  depend  on  the  same  principle — that  of  first  ascertaining  the  weight 
of  a  body,  and  then  that  of  an  equal  volume  of  water.  We  shall  first  apply 
these  methods  to  determining  the  specific  gravity  of  solids,  and  then  to  the 
specific  gravity  of  liquids. 

120.  •peelfle  rraTlty  of  solids. — i.  Hydrostatic  balance. — To  obtain  the 
specific  gravity  of  a  solid  by  the  hydrostatic  balance  (fig.  83),  it  is  first 
weighed  in  the  air,  and  is  then  suspended  to  the  hook  of  the  balance  and 
weighed  in  water  (fig.  89).  The  loss  of  weight  which  it  experiences  is, 
according  to  Archimedes'  principle,  the  weight  of  a  volume  of  water  equal 
to  its  own  volume  ;  consequently,  dividing  the  weight  in  air  by  the  loss  of 
weight  in  water,  the  quotient  is  the  specific  gravity  required.  If  P  is  the 
weight  of  the  body  in  air,  P'  its  weight  in  water,  and  D  its  specific  gravity, 

p 
P  —  P'  being  the  weight  of  the  displaced  water,  we  have  D  =  --  - ,. 

It  may  be  observed  that  though  the  weighing  is  performed  in  air,  yet, 
strictly  speaking,  the  quantity  required  is  the  weight  of  the  body  in  vacuo ; 
and  when  great  accuracy  is  required,  it  is  necessary  to  apply  to  the  observed 
weights  a  correction  for  the  weights  of  the  unequal  volumes  of  air  displaced 
by  the  substance,  and  the  weights  in  the  other  scale-pan.  The  water  in 
which  bodies  are  weighed  is  supposed  to  be  distilled  water  at  the  standard 
temperature. 

ii.  Nickolsoffs  hydrometer, — The  apparatus  consists  of  a  hollow  metal 
qiindcr  B  (fig.  90),  to  which  is  fixed  a  cone  C,  loaded  with  lead.  The 
object  of  the  latter  is  to  bring  the  centre  of  gravity  below  the  mctacentre, 
^  that  the  cylinder  may  float  with  its  axis  vertical.     At  the  top  is  a  stem 
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terminated  by  a  pan,  in  which  is  placed  the  substance  whose  specific  grarily 
is  to  be  determined.    On  the  stem  a  standard  point,  o,  is  marked. 

The  apparatus  stnnds  partly  out  of  the  water,  and  the  first  step  is  to 
ascertain  the  weight  which 
must  be  placed  in  the  pan  in 
order  to  make  the  hydrometer 
sink  to  the  standard  point  o. 
Let  this  weight  be  125  grains, 
and  let  sulphur  be  the  sub- 
stance whose  specific  gravity  is 
tobedetermined.  The  weights 
are  then  removedfrom  the  pan, 
and  replaced  by  a  piece  of 
sulphur  which  weighs  less  than 
135  grains,  and  weights  added 
until  the  hydrometer  is  again 
depressed  to  the  slajidard  o. 
If,  for  instance,  it  has  been 
necessary  10  add  55  grains, 
the  weight  of  the  sulphur  is 
evidently  the  difference  be- 
^  tween    125    and    55    grains; 

p.^  ^^  that  is,  70    grains.     Having 

thus  detennined  the  weight 
of  the  sulphur  in  air,  il  is  now  only  necessarj'  to  ascertain  the  weight  of  an 
equal  volume  of  water.  To  do  this,  the  piece  of  sulphur  is  placed  in  the 
lower  pan  C  at  m,  as  represented  in  the  figure.  The  whole  weight  is  not 
changed,  nevertheless  the  hydrometer  no  longer  sinks  to  the  standard  ;  the 
sulphur,  fay  immersion,  has  lost  a  part  of  its  weight  equal  to  that  of  the  water 
displaced.  Weights  are  added  to  the  upper  pan  until  the  hydrometer  sinks 
Jigain  to  [he  standard.  This  weight,  34'4  grains,  for  e>:ample,  represents 
the  weight  of  the  volume  of  water  displaced  ;  that  is,  of  the  volume  of  water 
equal  to  the  volume  of  the  sulphur.  It  is  only  necessary,  therefore,  to  divide 
70  grains,  the  weight  in  air,  by  344  grains,  and  the  quotient  2-03  is  the 
specific  gravity. 

If  the  body  in  question  is  lighter  than  water  il  tends  to  rise  to  the  surface, 
and  will  not  remain  tin  the  lower  pan  C.  To  obviate  this,  a  small  movable 
cage  of  fine  wire  is  adjusted  so  as  to  prevent  the  ascent  of  the  body.  The 
e.xperimcnt  is  in  other  respects  the  same. 

121.  Spe«iao  cr«vltT  batUe.  Vyknmnater.— 'When  the  specific  gravity 
of  a  substance  in  a  stale  of  powder  is  required,  it  can  be  found  most  con\'e- 
nienlly  by  means  of  x\\<:  pyitwnieUr,  or  specific  gravity  bottle.  This  instru- 
ment is  a  bottle,  in  the  neck  of  which  is  fitted  a  thermometer  A,  an  enlarge- 
ment on  the  stem  being  carefully  ground  for  this  purpose  (fig.  91).  In  the 
side  is  a  narrow  capillary  stem  widened  at  the  top  and  provided  with  a 
stopper,  as  shown  in  the  figure.  On  this  tube  is  a  mark  »f,  and  the 
thermometer  stopper  having  been  inserted,  the  bottle  is  filled  with  water 
exactly  to  this  mark  at  each  weighing.  The  bpltle  may  conveniently  have 
dimensions  such  that  when  the  thermometer  stopper  is  inserted  and  the  liquid 
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filled  to  the  mark  w,  it  represents  a  definite  volume.  This  is  done  by  filling 
the  bottle  when  wholly  under  water,  and  putting  in  the  stopper  while  it  is 
immersed.  The  bottle  and  the  tube  are  then  completely  filled,  and  the 
quantity  of  water  in  excess  is  removed  by  blotting-paper.  To  find  the 
specific  gravity  proceed  as  follows  ; — Having  weighed  the  powder,  place  it 
in  one  of  the  scale -pans,  and  with  it  the  bottle 
filled  exactly  to  m,  and  carefully  dried.  Then 
balance  it  by  placing  small  shot,  or  sand,  in 
the  other  pan.  Next,  remove  the  bottle  and 
pour  the  powder  into  it,  and,  as  before,  fill  it 
up  with  water  to  the  mark  a.  On  replacing 
the  bottle  in  the  scale-pan  it  will  no  longer 
balance  the  shot,  since  the  powder  has  dis- 
placed a  volume  of  water  equal  to  its  own 
volume.  Place  weights  in  the  scale-pan  along 
with  ihe  bottle  until  they  balance  the  shot. 
These  weights  give  the  weight  of  the  water 
displaced.  Then  the  weight  of  the  powder, 
and  the  weight  of  an  equal  bulk  of  water  being 
known,  its  specific  gravity  is  determined  as 
before.  The  thermometer  gives  the  tempe- 
rature at  which  the  determination  is  made, 
and  thus  renders  it  easy  to  make  a  correc- 
tion (124). 

determination  to  re- 

hich  adheres  to  the 

the  quantity  of 

effected  by  placing 

result  is  obtained  by 

-If  the 


i  important  ir 
moie  the  layer  of  ; 
powder,  and  unduly 
water  expelled.  This 
the  bottle  under  the 
and  exhausting.  The 
boiling  the  water  in  which  the  powder 
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body,  whose   specific   gravity   is  to  be  deter- 
mined by  any  of  these  methods,  is  soluble  in  Y\%.  91. 
water,  the  determination  is  made  in  some 

liquid  in  which  it  is  not  soluble,  such  as  oil  of  turpentine  or  naphtha,  the 
specific  gravity  of  which  is  known.  The  specific  gravity  is  obtained  by 
muliiplyinf;  the  number  obtained  in  the  experiment  by  the  specific  gravity  of 
the  liquid  used  for  the  determination. 

Suppose,  for  example,  a  determination  of  the  specific  gravity  of  potassium 
his  been  made  in  naphtha.  For  equal  volumes,  P  represents  the  weight  of 
the  potassium,  P'  that  of  the  naphtha,  and  P"  that  of  water  ;  consequently 
p;  win  be  the  specific  gravity  of  the  substance  in  reference  to  naphtha,  and 


die  specific  gravity  of  the  naphtha  in  reference  i' 


The  product 


'rf  these  two  fractions  p,^  is  the  specific  gravity  of  the  substance  compared 
<*'iih  water. 
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In  determining  the  specific  gravity  of  porous  substances,  they  are  var- 
nished before  being  immersed  in  water,  which  renders  them  impervious  to 
moisture  without  ahering  their  volume. 


Specific  gravity  of  solids  at 

Platinum,  rolled     . 

„        cast 
Gold,  stamped 

Lead,  cast 
Silver,  cast    . 
liismuth,  cast 
Copper,  drawn  wire 

,,        cast  •         •         • 
German  silver 
Brass     .        . 
Steel,  not  hammered 
Iron,  bar 
Iron,  cast 
Tin,  cast 
Zinc,  cast 
Antimony,  cast 
Iodine   .... 
Hea\y  spar   . 

Diamonds     .        .        y^l)^ 
Flint  glass     . 


zero  as  compared  with  distilled  water  at  4°  C. 


22*069  Statuar>'  marble 

20337  Aluminum 

19*362  Rock  crystal. 

19*258  St.  Gobin  glass 

11*352  China  porcelain 

10*474  Sevres  porcelain 

9*822  Native  sulphur 

8878  Ivory     . 

8788  Anthracite     . 

8*432  Compact  coal 

8*383  Amber  . 

7*816  Sodium. 

7788  Melting  ice    . 

7*207  Potassium 

7*291  Beech    . 

6*86 1  Oak 

6*712  Elm 

4*950  Yellow  Pine  . 

4*430  Lithium 

to  3*501  Common  poplar 

3*329  Cork     '. 


2-837 
2680 
2-653 
2*488 
2-380 
2-140 
2-033 
1-917 
1-800 

I  329 
I  078 
0-970 
0-930 
0-865 
0-852 
0-845 
0-800 
0*657 
0-585 
0-389 
0-240 


In  this  table  the  different  woods  are  supposed  to  be  in  the  ordinaiy  air- 
dried  condition. 

123.  Speciflo  rravlty  of  liquids. — i.  Method  of  the  hydrostatic  balance.  — 
From  the  pan  of  the  hydrostatic  balance  a  body  is  suspended,  on  which  the 
liquid,  whose  specific  gravity  is  to  be  determined,  exerts  no  chemical  action  ; 
for  example,  a  ball  of  platinum.  This  is  then  successively  weighed  in  air, 
in  distilled  water,  and  in  the  liquid.  The  loss  of  weight  of  the  body  in  these 
two  liquids  is  noted.  They  represent  respectively  the  weights  of  equal  volumes 
of  water  and  of  the  given  liquid,  and  consequently  it  is  only  necessary  to 
divide  the  second  of  them  by  the  first  to  obtain  the  required  specific  gravity. 

Let  P  be  the  weight  of  the  platinum  ball  in  air,  P'  its  weight  in  water,  P" 

its  weight  in  the  given  liquid,  and  let  D  be  the  specific  gravity  sought.     The 

weight  of  the  water  displaced  by  the  platinum  is   P  —  P',  and  that  of  the 

P  — P" 
second  liquid  is  P  —  P",  from  which  we  get  t)  =  ^     ,,  ,• 

ii.  Fahrenheit's  hydrometer. — This  instrument  (fig.  92)  resembles  Nichol- 
son's hydrometer,  but  it  is  made  of  glass,  so  as  to  be  used  in  all  liquids.  At 
its  lower  extremity,  instead  of  a  pan,  it  is  loaded  with  a  small  bulb  containing 
mercury.     There  is  a  standard  mark  on  the  stem. 

The  weight  of  the  instrument  is  first  accurately  determined  in  air ;  it 
is  then  placed  in  water,  and  weights  added  to  the  scale-pan  until  the  mark 
on  the  stem  is  level  with  the  water.     It  follows,  frbm  the  first  principle  of 
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the  equilibrium  of  floating  bodies,  that  the  weight  of  the  hydrometer,  together 
with  the  weight  in  the  scale-pan,  is  equal  to  the  weight  of  the  volume  of  the 
displaced  water.     In  the  same  manner  the  weight  of  an  equal  volume  of  the 
given  liquid  is  determined,  and  the    specific 
gravity  is  found  by  dividing  the  latter  weight  by 
the  former. 

Neither  Fahrenheit's  nor  Nicholson's  hydro- 
meters give  such  accurate  results  as  the  hydro- 
static balance  or  the  specific  gravity  bottle. 

iii.  Specific  gravity  bottle. — This  has  been 
already  described  (121).  In  determining  the 
specific  gravity  of  a  liquid,  a  bottle  of  special 
construction  is  used  ;  it  consists  of  a  cylindrical 
reservoir  b  (fig.  93),  to  which  is  fused  a  capillary 
tube  Cy  and  to  this  again  a  wider  tube  ^,  closed 
with  a  stopper.  The  bottle  is  first  weighed  empty, 
and  then  successively  full  of  water  to  the  mark 
c  on  the  capillary  stem,  and  of  the  given  liquid. 
If  the  weight  of  the  bottle  be  subtracted  from 
the  two  weights  thus  obtained,  the  result 
represents  the  weights  of  equal  volumes  of  the 
liquid  and  of  water,  from  which  the  specific  gravity  is  obtained  by  division. 

124.  On  tlie  obserratlon  of  temperature  in  ascertainlnr  specilio 
fraTltles. — As  the  volume  of  a  body  increases  with  the  temperature,  and 
as  this  increase  varies  with  different  substances,  the  specific  gravity  of  any 
given  body  is  not  exactly  the  same  at  diflferent  temperatures ;  and,  con- 
sequently, a  certain  fixed  temperature  is  chosen  for  these  determinations. 
That  of  water,  for  example,  has  been  made  at  4°  C,  for  at  this  point  it  has 
the  greatest  density.  The  specific  gravities  of  other  bodies  are  assumed  to 
be  taken  at  zero  ;  but,  as  this  is  not  always  possible,  certain  corrections 
must  be  made,  which  we  shall  consider  in  the  Book  on  Heat. 
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Fig.  92. 


Tig.  93. 


specific  gravities  of  liquids  at  zero,  compared  with  that  of  water  at  4°  C. 

as  unity. 


Mcrcur>' 

.   13-598 

Urine    . 

I  -020 

Bromine 

2*960 

Distilled  water  at  4° 

C. 

I -000 

Sulphuric  acid 

.     1-841 

„            „     at  0° 

C. 

0999 

Chloroform    . 

,     1-525 

Claret    . 

0994 

Nitric  acid     . 

I  -420 

Olive  oil 

0-915 

Bisulphide  of  carbon 

I  -293 

Oil  of  turpentine   . 

0-870 

(Glycerine 

1-260 

Oil  of  lemon  . 

0-852 

Hydrochloric  acid 

I  240 

Petroleum 

0836 

Blood    .... 

I -060 

Absolute  alcohol    . 

.     0-793 

Milk      . 

.     1 029 

Ether    . 

0713 

Sea  water 

.     I  -026 

125.  Vse  of  tables  of  speoiflo  rraTlty.— Tables  of  specific  gravity 
admit  of  numerous  applications.  In  mineralogy  the  specific  gravity  of  a 
mineral  is  often  a  highly  distinctive   character.     By   means   of  tables  of 
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specific  gravities  the  weight  of  a  body  may  be  calculated  when  its  volume  is 
known,  and  conversely  the  volume  when  its  weight  is  known. 

With  a  view  to  explaining  the  last-mentioned  use  of  these  tables,  it  will 
be  well  to  premise  a  statement  of  the  connection  existing  between  the  British 
units  of  length,  capacity,  and  weight.  It  will  be  sufficient  for  this  purpose 
to  define  that  which  exists  between  the  yard,  gallon,  and  pound  avoirdupois, 
since  other  measures  stand  to  these  in  well-known  relations.  The  yard^ 
consisting  of  36  inches,  may  be  regarded  as  the  primary  unit.  Though  it  is 
essentially  an  arbitrary  standard,  it  is  determined  by  this,  that  the  simple 
pendulum  which  makes  one  oscillation  in  a  mean  second,  at  London  on  the 
sea-level,  is  39*13983  inches  long.  The  gallon  contains  277*274  cubic  inches. 
A  gallon  of  distilled  water  at  the  standard  temperature  weighs  10  pounds 
avoirdupois  or  70,000  grains  troy  ;  or,  which  comes  to  the  same  thing,  one 
cubic  inch  of  water  weighs  252*5  grains. 

On  the  French  system  the  7netre  is  a  primary  unit,  and  is  so  chosen  that 
10,000,000  metres  are  the  length  of  a  quadrant  of  the  meridian  from  either 
pole  to  the  equator.  The  metre  contains  10  decimetres^  or  100  centimetres^ 
or  1,000  millimetres ;  its  length  equals  i  "0936  yards.  The  unit  of  the  measure 
of  capacity  is  the  litre  or  cubic  decimetre.  The  unit  of  weight  is  the  gramme, 
which  is  the  weight  of  a  cubic  centimetre  of  distilled  water  at  4°  C.  The 
kilogramme  contains  1,000  grammes,  or  is  the  weight  of  a  decimetre  of  dis- 
tilled water  at  4°  C.     The  gramme  equals  15*443  grains. 

If  V  is  the  number  of  cubic  centimetres  (or  decimetres)  in  a  certain 
quantity  of  distilled  water  at  4®  C,  and  P  its  weight  in  grammes  (or  kilo- 
grammes), it  is  plain  that  P  =  V.  Now  consider  a  substance  whose  specific 
gravity  is  D  ;  every  cubic  centimetre  of  this  substance  will  weigh  as  much 
as  D  cubic  centimetres  of  water,  and  therefore  V  centimetres  of  this  sub- 
stance will  weigh  as  much  as  DV  centimetres  of  water.  Hence  if  P  is 
the  weight  of  the  substance  in  grammes,  we  have  P  «  DV.  If,  however,  V 
is  the  volume  in  cubic  inches,  and  P  the  weight  in  grains,  we  shall  have 
P  =  252*5  DV. 

As  an  example,  we  may  calculate  the  internal  diameter  of  a  glass  tube. 
Mercury  is  introduced,  and  the  length  and  weight  of  the  column  at  4"  C. 
are  accurately  determined.  As  the  column  is  cylindrical,  we  have  V  « Trr-V, 
where  r  is  the  radius,  and  /  the  length  of  the  column  in  centimetres.  Hence 
if  D  is  the  specific  ^avity  of  mercury,  and  P  the  weight  of  the  column  in 
grammes,  wc  have  P  « Trr^/D,  and  therefore 

P 


VirDl 


If  rand  /are  in  inches  and  P  in  grains,  we  shall  have  P  «  252'57rr*/D, 
and  therefore 


V  252-57rD/ 


;52-57rD/ 

In  a  similar  manner  the  diameter  of  very  fine  metal  wires  can  be  de- 
termined with  great  accuracy. 

126.  Kydrometers  of  Tariable  immersion. — The  hydrometers  of 
Nicholson  and  Fahrenheit  are  called  hydrometers  of  constant  immersion 
but  variable  weighty  because  they  are  always  immersed  to  the  same  extent. 
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e  also  hyiironuters  of  variable  immtr- 


but  carry  different  weights.    There  a 
tioH  but  ofcomtaitt  weight. 

I27>  Baaami'B  Ii7(lraiDrt«r. — This,  which  was  the  first  of  these  instru- 
ments, may  serve  as  a  type  of  them.  It  consists  of  a  glass  tube  (fif;.  94) 
loaded  at  the  bottom  with  mercury,  and  with  a  bulb  blown  in  the  middle. 
The  stem,  the  external  diameter  of  which  Is  as  regular  as  possible,  is  hollow, 
and  the  scale  is  marked  up>on  it. 

The  graduation  of  the  instrument   differs  according  as  the  liquid,  for 
which  il  is  to  be  used,  is  heavier  or  lighter  than  wa 
the  first   case,   it    is   so   constructed   that   it    sinks   in   water 
nearly  to  the  top  of  the  stem,  to  a  point  A,  which  is  marked 
jero.     A  solution  of  fifteen  parts  of  salt  in  eighty-five  parts  of 
water  is  made,  and  the  instrument  immersed  in  it.     It  sinks   , 
to  a  certain  point  on  the  stem,  B,  which  is  marked   15  ;  the   1, 
distance  between  A  and  B  is  divided  into  15  equal  parts,  and  ' 
the  graduation  continued  to  the  bottom  of  the  stem.     Some- 
times   the    graduation    is  on  a  piece  of  paper  inside  the 

The  hydrometer  thus  graduated  only  serves  for  liquids 
of  a  greater  specific  gravity  than  water,  such  as  acids  and 
saline  solutions.  For  liquids  lighter  than  water  a  different  [ 
plan  must  be  adopted.  Beaum^  took  for  zero  the  point  t< 
which  the  apparatus  sank  in  a  solution  of  10  parts  of  salt  ii 
90  of  water,  and  for  10°  he  took  the  level  in  distilled  water 
This  distance  he  divided  into  10°,  and  continued  the  divisioi 
to  the  lop  of  (he  scale. 

T'uiettdeirs  hydrometer  is  in  common  use  in  England  ■''''■''*■ 
for  testing  liquids  denser  than  water.  It  is  graduated  in  such  a  manner 
that  the  reading  or  number  of  degrees  multiplied  by  5  and  added  to 
1.000  gives  the  specific  gravity  with  reference  to  water  at  1,000. 
Thus  10°  Tweddell  represents  the  specific  gravity  1050,  and  90°  repre- 
Mnis  1450. 

The  graduation  of  these  hydrometers  is  entirely  conventional,  and  they 
Hive  neither  the  densities  of  the  liquids  nor  the  quantities  dissolved.  But 
ih(7  are  very  useful  in  making  mixtures  or  solutions  in  given  proportions, 
»nd  in  evaporating  acids,  alkaline  liquids,  solutions  of  salts,  worts,  syrups, 
and  the  like  to  a  proper  degree  of  concentration,  the  results  they  give  being 
sufficiently  near  in  the  majority  of  cases. 

i^S.  OaT-Knamae'B  alcoholometer.— This  instrument  is  used  to  detcr- 
[nine  the  strength  of  spirituous  liquors  ;  that  is,  the  proportion  of  pure  iilcohol 
»hich  they  contain.  It  differs  from  lieaum^'s  hydrometer  in  the  graduation 
The  alcoholometer  is  so  constructed  that,  when  placed  in  pure  distilled 
^ater,  the  bottom  of  its  stem  is  level  with  the  water,  and  this  point  is  zero 
It  IS  next  placed  in  absolute  alcohol,  which  marks  100°,  and  then  successively 
in  mixtures  of  alcohol  and  water  containing  10,  20,  30,  itc,  per  cent;  The 
dimions  thus  obtained  are  not  exactly  equal,  but  their  difference  is  not  great, 
ind  they  are  subdivided  into  10  divisions,  each  of  which  marks  one  per  cent, 
•rf  absolute  alcohol  In  a  liquid.  Thus  a  brandy  in  which  the  alcoholometer 
sttiud  at  48°  would  contain  48  per  cent,  of  absolute  alcohol,  and  the  rest 
■ould  be  water. 
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All  these  determinations  are  made  at  1 5°  C,  and  for  that  temperature 
only  are  the.  indications  correct.  For,  other  things  being  the  same,  if  the 
temperature  rises,  the  liquid  expands,  and  the  alcoholometer  will  sink,  and 
the  contrary  if  the  temperature  fall.  To  obviate  this  error,  Gay-Lussac  con- 
structed a  table  which  for  each  percentage  of  alcohol  gives  the  reading  of 
the  instrument  for  each  degree  of  temperature  from  0°  up  to  30^  When  the 
exact  analysis  of  an  alcoholic  mixture  is  to  be  made,  the  temperature  of  the 
liquid  is  first  determined,  and  then  the  point  to  which  the  alcoholometer  sinks 
in  it.  The  number  in  the  table  corresponding  to  these  data  indicates  the  per- 
centage of  alcohol.  From  its  giving  the  percentage  of  alcohol,  this  is  often 
called  the  centesimal  cUcoholomcter, 

129.  •allmeters. — Salimeters^  or  instruments  for  indicating  the  per- 
centage of  a  salt  contained  in  a  solution,  are  made  on  the  principle  of  the 
centesimal  alcoholometer.  They  are  graduated  by  immersing  them  in  pure 
water  which  gives  the  zero,  and  then  in  solutions  containing  different  percent- 
ages of  the  salt,  and  marking  on  the  scale  the  corresponding  points.  These 
instruments  are  open  to  the  objection  that  every  salt  requires  a  special 
instrument.  Thus  one  graduated  for  common  salt  would  give  false  indications 
in  a  solution  of  nitre. 

Lactometers  are  similar  instruments,  and  are  based  on  the  fact  that 
the  average  density  of  a  good  natural  quality  of  milk  is  1029.  Hence  if 
water  is  added  to  milk,  it  will  indicate  a  lower  specific  gravity.  But 
a  common  plan  of  adulteration  is  to  remove  cream  from  the  milk,  by  which 
its  specific  gravity  is  increased,  and  then  add  water  so  as  to  reproduce  the 
original  density  ;  the  lactometer  will  not  reveal  a  fraud  of  this  kind.  Urino* 
meters  are  used  in  medicine  to  test  the  variations  in  the  density  of  urine, 
which  accompany  and  characterise  certain  forms  of  disease. 

130.  Bensimeter. — Rosseau^s  densimeter  (fig.  95)  is  of  great  use,  in  many 
scientific   investigations,  in  determining  the  specific  gravity  of  a  small 

quantity  of  a  liquid.  It  has  the  same  form  as  Beaum^s 
hydrometer,  but  there  is  a  small  tube  AC  at  the  top 
of  the  stem,  in  which  is  placed  the  substance  to  be  de- 
termined. A  mark  A  on  the  side  of  the  tube  indicates 
a  measure  of  a  cubic  centimetre. 

The  instrument  is  so  constructed  that  when  AC  is 
empty  it  sinks  in  distilled  water  to  a  point,  B,  just  at 
the  bottom  of  the  stem.  It  is  then  filled  with  distilled 
water  to  the  height  measured  on  the  tube  AC,  which 
indicates  a  cubic  centimetre,  and  the  point  to  which  it 
now  sinks  is  20°.  The  interval  between  o  and  20  is 
divided  into  20  equal  parts,  and  this  graduation  is 
continued  to  the  top  of  the  scale.  As  this  is  of  uniform 
bore,  each  division  corresponds  to  j~  gramme  or  ox>5. 

To  obtain  the  density  of  any  liquid,  bile  for  ex- 
ample, the  tube  is  filled  with  it  up  to  the  mark  A  ;  if 
the  densimeter  sinks  to  2o|  divisions,  its  weight  is 
005  X  20'5  «  I  *o2  5  ;  that  is  to  say,  that  with  equal  volumes,  the  weight  of  water 
being  i,  that  of  bile  is  1-025.    The  specific  gravity  of  bile  is  therefore  i'025. 


Fig.  95- 
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CHAPTER   n. 

CAPILLARITY,   ENDOSMOSE,  EFFUSION,  AND  ABSORPTION. 

131.  CKpUbUT  pABBBi»«')*- — When  solid  bodies  are  placed  in  contact 
with  liquids,  a  class  of  phenoniena  is  produced  called  capillary  phenanieiiit, 
because  they  are  best  seen  in  tubes  whose  diameters  are  comparable  with 
the  diameter  of  a  hair.  These  phenomena  are  treated  of  in  physics  under 
the  head  of  capillarity  or  capillary  attraction  ;  the  latter  expression  is  also 
applied  to  the  force  which  produces  the  phenomena. 

Tlie  phenomena  of  capillarity  are  very  various,  but  may  all  be  referred 
to  the  mutual  attraction  of  the  liquid  molecules  for  each  other,  and  to  the 
attraction  between  these  molecules  and  solid  bodies.  The  following  are 
wmc  of  these  phenomena  : — 

When  a  body  is  placed  in  a  liquid  which  wets  it — for  example,  a  glass 
rod  in  water — the  liquid,  as  if  not  subject  to  the  laws  of  gravitation,  is  raised 
upwards  against  the  sides  of  the  solid,  and  its  surface,  instead  of  being  hori- 
lontal,  becomes  slightly  concave  (fig.  96).     If,  on  the  contrary,  the  solid  is 
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nne  which  is  not  moistened  by  the  liquid,  as  glass  by  mercury,  the  liquid  is 
depressed  against  the  sides  of  the  solid,  and  assumes  a  convex  shape,  as 
represented  in  fig,  97.  The  surface  of  the  liquid  exhibits  the  same  concavity 
M  convexity  against  the  sides  of  a  vessel  in  which  it  is  contained,  according 
as  the  sides  are  or  are  not  moistened  by  the  liquid. 

These  phenomena  are  much  more  apparent  when  a  tube  of  sm^tU 
diameter  is  placed  in  a  liquid.  And  according  as  the  lubes  are  or  arc  nut 
mni&tencd  by  the  liquid,  an  ascent  or  a  depression  of  the  liquid  is  produced, 
iihii;h  is  greater  in  proportion  as  the  diameter  is  less  (figs.  98  and  99). 

When  the  lubes  are  moistened  by  the  liquid,  its  surface  assumes  the 
('•mi  of  a  concave  hemispherical  segment,  called  the  concave  nicniuu.i 
(IK.  98J ;  when  ihe  lubes  are  not  moistened,  there  is  a  convex  meniscus 
'.ng-  99). 

132.  btva  of  tba  «*eent  nna  daprcBStoB  tn  »pUI«iT  tnbei.— The 
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most  important  law  in  reference  to  capillarity  is  known  as  yuriiis  law.  It 
is  that  the  height  of  the  ascent  of  one  and  the  same  liquid  in  a  capillary  tube 
is  inversely  as  the  diameter  of  the  tube.  Thus,  if  water  rises  to  a  height  of 
30  mm.  in  a  tube  i  mm.  in  diameter,  it  will  only  rise  to  a  height  of  1 5  mm. 
in  a  tube  2  mm.  in  diameter,  but  to  a  height  .of  300  mm.  in  a  tube  o*i  mm. 
in  diameter.  This  law  has  been  verified  with  tubes  whose  diameters  ranged 
from  5  mm.  to  0*07  mm.  It  presupposes  that  the  liquid  has  previously 
moistened  the  tube. 

The  height  to  which  a  liquid  rises  in  a  tube  diminishes  as  the  tempera- 
ture rises.    Thus  in  a  capillary  tube  in  which  water  stood  at  a  height  of- 
307  mm.  at  0°,  it  stood  at  28*6  mm.  at  35®,  and  at  26  mm.  at  80°. 

Provided  the  liquid  moistens  the  tube,  neither  its  thickness  nor  its  nature 
has  any  influence  on  the  height  to  which  the  liquid  rises.  Thus  water  rises 
to  the  same  height  in  tubes  of  different  kinds  of  glass  and  of  rock  crystal, 
provided  the  diameters  are  the  same. 

The  nature  of  the  liquid  is  of  prime  importance  ;  of  all  liquids  water 
rises  the  highest ;  thus  in  a  glass  tube  i  -29  mm.  in  diameter,  the  heights  of 
water,  alcohol,  and  turpentine  are  respectively  23*16,  9*18,  and  9*85  mm. 

In  regard  to  the  depression  of  liquids  in  tubes  which  they  do  not 
moisten,  Jurin's  law  has  not  been  found  to  hold  with  the  same  accuracy. 
The  reason  for  this  is  probably  to  be  found  in  the  following  circumstances  : — 
When  a  liquid  moistens  a  capillary  tube,  a  very  thin  layer  of  liquid  is  formed 
against  the  sides,  and  remains  adherent  even  when  the  liquid  sinks  in  the 
tube.  The  ascent  of  the  column  of  liquid  takes  place  then,  as  it  were,  inside 
a  central  tube,  with  which  it  is  physically  and  chemically  identical.  The 
ascent  of  the  tube  is  thus  an  act  of  cohesion.  It  is  therefore  easy  to  under- 
stand why  the  nature  of  the  sides  of  the  capillary  tube  should  be  without 
influence  on  the  height  of  the  ascent,  which  only  depends  on  the  diameter. 

With  liquids,  on  the  contrary,  which  do  not  moisten  the  sides  of  the  tube, 
the  capillary  action  takes  place  between  the  sides  and  the  liquid.  The 
nature  and  structure  of  the  sides  are  never  quite  homogeneous,  and  there  is 
always,  moreover,  a  layer  of  air  on  the  inside,  which  is  not  dissolved  by  the 
liquid.  These  two  causes  undoubtedly  exert  a  disturbing  influence  on  the 
law  of  Jurin. 

133.  Asoent  and  depression  between  parallel  or  Inolined  sorfkoes. — 
When  two  bodies  of  any  given  shape  are  dipped  in  water,  analogous  capil- 
lary phenomena  are  produced,  provided  the  bodies  are  sufficiently  near.  If, 
for  example,  two  parallel  glass  plates  are  immersed  in  water  at  a  very  small 
distance  from  each  other,  water  will  rise  between  the  two  plates  in  the 
inverse  ratio  of  the  distance  which  separates  them.  The  height  of  the 
ascent  for  any  given  distance  is  half  what  it  would  be  in  a  tube  whose  dia- 
meter is  equal  to  the  distance  between  the  plates. 

If  the  parallel  plates  are  immersed  in  mercury,  a  corresponding  depres- 
sion is  produced,  subject  to  the  same  laws. 

If  two  glass  plates  AB  and  AC,  with  their  planes  vertical  and  inclined  to 
one  another  at  a  small  angle,  as  represented  in  fig.  loi,  have  their  ends 
dipped  into  a  liquid  which  wets  them,  the  liquid  will  rise  between  them. 
The  elevation  will  be  greatest  at  the  line  of  contact  of  the  plates  and  from 
thence  gradually  less,  the  surface  taking  the  form  of  an  equilateral  hyper- 
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bola,  whose  asymptotes  are  respectively  the  line  of  intersection  of  the  plates, 
and  the  line  in  which  the  plates  cut  the  horizontal  surface  of  the  liquid. 

If  a  drop  of  water  be  placed  within  a  conical  glass  tube  whose  angle  is 
small  and  axis  horizontal,  it  will  have  a  concave  meniscus  at  each   end 


Fig.  loa 


Fig.  loi. 


Fig.  I03. 


(tig.  101),  and  will  tend  to  move  towards  the  vertex.  But  if  the  drop  be  of 
mercury  it  will  have  a  convex  meniscus  at  each  end  (fig.  102),  and  will  tend 
to  move  from  the  vertex. 

134.  JLtSmetioii  and  repulsion  produced  by  capillarity. — The  attrac- 
tions and  repulsions  observed  between  bodies  floating  on  the  surface  of 
liquids  are  due  to  capillarity,  and  are  subject  to  the  following  laws  : — 

i.  When  two  floating  balls  both  moistened  by  the  liquid — for  example, 
cork  upon  water — are  so  near  that  the  liquid  surface  between  them  is  not 
level,  an  attraction  takes  place. 

iL  The  same  effect  is  produced  when  neither  of  the  balls  is  moistened,  as 
is  the  case  with  balls  of  wax  on  water. 

iii.  Lastly,  if  one  of  the  balls  is  moistened  and  the  other  not,  as  a  ball  of 
cork  and  a  ball  of  wax  in  water,  they  repel  each  other  if  the  curved  surfaces 
of  the  liquid  in  their  respective  neighbourhoods  intersect. 

As  all  these  capillary  phenomena  depend  on  the  concave  or  convex  cur- 
vature which  the  liquid  assumes  in  contact  with  the  solid,  a  short  explana- 
tion of  the  cause  which  determines  the  form  of  this  curvature  is  necessary. 

135.  Cause  of  the  cnrratare  of  liquid  sarfaoes  ia  contact  witli  solids. 
— The  form  of  the  surface  of  a  liquid  in  contact  with  a  solid  depends  on  the 
relation  between  the  attraction  of  the  solid  for  the  liquid,  and  of  the  mutual 
attraction  between  the  molecules  of  the  liquid. 

Let  ///  be  a  liquid  molecule  (fig.  103)  in  contact  with  a  solid.  This 
molecule  is  acted  upon  by  three  forces  :  by  gravity,  which  attracts  it  in  the 
direction  of  the  vertical  wP  ;  by  the  attraction  of  the  liquid  F,  which  acts  m 
the  direction  wF  ;  and  by  the  attraction  of  the  plate  //,  which  is  exerted  in 
the  direction  ///«.  According  to  the  relative  intensities  of  these  forces,  their 
resultant  can  take  three  positions  : — 

i.  The  resultant  is  in  the  direction  of  the  vertical  wR  (fig.  103).  In  this 
case  the  surface  m  is  plane  and  horizontal ;  for,  from  the  condition  of  the 
equilibrium  of  liquids,  the  surface  must  be  perpendicular  to  the  force  which 
acts  upon  the  molecules. 

iL  If  the  force  n  increases  or  F  diminishes  the  resultant  R  is  within  the 


io8 


On  Liquids, 


[1S5- 


angle  nmV  (fig.  104)  ;  in  this  case  the  surface  takes  a  direction  perpendicular 
to  ;;/R,  and  becomes  concave. 

iii.  If  the  force  F  increases,  or  n  diminishes,  the  resultant  R  takes  the 
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direction  wR  (fig.  105)  within  the  angle  P;//F,  and  the  surface,  becoming 
perpendicuLir  to  this  direction,  is  convex. 

136.  Zalluenoe   of   the    onrvature   on   oaplllary  plienoinena. — The 

elevation  or  depression  of  a  liquid  in  a  capillary  tube  depends  on  the 

concavity  or  con- 
vexity of  the 
meniscus.  In  a 
concave  menis- 
cus, abed  (fig. 
106),  the  liquid 
molecules  are 
sustained  in  equi- 
librium by  the 
forces  acting  on 
them,   and  they 

exert  no  downward  pressure  on  the  inferior  layers.  On  the  contrary,  in 
virtue  of  the  molecular  attraction,  they  act  on  the  nearest  inferior  layers, 
from  which  it  follows  that  the  pressure  on  any  layer,  ;///i,  in  the  interior  of 
the  tube,  is  less  than  if  there  were  no  meniscus.  The  consequence  is,  that 
the  liquid  ought  to  rise  in  the  tube  until  the  internal  pressure  on  the  layer 
/;///  is  equal  to  the  pressure  op^  which  acts  externally  on  a  point  /  of  the 
same  layer. 

Where  the  meniscus  is  convex  (fig.  107),  equilibrium  exists  in  virtue  of  the 
molecular  forces  acting  on  the  liquid  ;  but  as  the  molecules  which  would 
occupy  the  same  space  ghik^  if  there  were  no  molecular  action,  do  not  exist, 
they  exert  no  attraction  on  the  lower  layers.  Consequently,  the  pressure 
on  any  layer  w;/,  in  the  interior  of  the  tube,  is  greater  than  if  the  space  j^-^/^' 
were  filled,  for  the  molecular  forces  are  more  powerful  than  gravity.  The 
liquid  ought  therefore  to  sink  in  the  tube  until  the  internal  pressure  on  a 
layer,  w/;,  is  equal  to  the  external  pressure  on  any  point,/,  of  this  layer. 

1 37.  Teniion  of  tlie  fk*ee  surface  of  liquids. — The  free  surface  of  a 
liquid  is  that  which  is  bounded  by  a  gas  or  by  vacuum  ;  it  has  greater 
cohesion  than  any  layer  of  the  liquid  in  the  interior.  For  consider  any  particle 
at  the  surface,  it  will  be  attracted  by  the  adjacent  particles  in  all  directions 
except  in  that  above  the  surface.  The  attractions  acting  laterally  will  com- 
pensate each  other  ;  and  as  there  are  no  attractions  exerted  by  the  particles 
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c^  the  liquid  above  the  surface  to  counteract  those  acting  from  the  interior, 
the  latter  will  exercise  a  considerable  pull  towards  the  interior.  The  effect 
of  this  is  to  lessen  the  mobility  of  particles  on  the  surface,  while  those  in  the 
interior  are  quite  mobile  ;  the  surface,  as  it  were,  is  stretched  by  an  elastic 
skin,  the  effect  being  the  same  as  if  the  surface  layer  exerted  a  pressure  on 
the  interior.  This  surface  tension^  as  it  may  be  called,  is  greater,  the  greater 
the  cohesion  of  the  liquid. 

When  the  surface  of  a  liquid  increases,  more  particles  enter  into  the 
condition  of  the  surface  layer,  to  effect  which  a  certain  amount  of  work  is 
required.  On  the  other  hand,  when  the  surface  is  diminished,  the  molecules 
pass  into  the  state  of  the  internal  layer,  and  they  perform  work.  The  work 
done  when  a  square  mm.  of  surface  passes  into  the  interior  is  called  the 
coejficient  of  surface  tension. 

The  surface  tension  depends  on  the  form  of  the  surface.  It  has  been 
determined  in  the  case  of  spheroidal  bodies.  If  the  pressure  which  is  exerted 
on  a  plane  surface  be  called  P,  the  pressure  /,  on  a  spherical  surface  of 

radius  p,  is  /  =  P  +  —  for  convex,  and  /  =  P  —  -?  for  concave  surfaces. 

P  P 

Hence  for  a  spheroidal  shell,  the  internal  radius  OA  of  which  is  p,  and  its 

thickness  AB  -  dy  the  pressure  of  the  outer  layer  is  /  -  P  +   ^^  -  and  of  the 

p  +  a 

inner  layer  /i  -  P  —  — >  and  the  resultant  is  their  differ- 

P 

ence  »     *^  +  --  ;  a  pressure  exerted  inwards,  since/ ^/i. 

P  +  «      P 
This  is  well  illustrated  by  blowing  a  soap-bubble  on  a 

glass  tube.     So  long  as  the  other  end  of  the  tube  is 

closed,   the  bubble  remains,  the  elastic  force  of  the 

enclosed  air  counterbalancing  the  tension  of  the  surface ;  Fig.  108. 

but  when  the  tube  is  opened,  the  tension  of  the  surface 

being  unchecked,  the  bubble  gradually  contracts  and  finally  disappears. 

Insects  can  often  move  on  the  surface  of  water  without  sinking.  This 
phenomenon  is  caused  by  the  fact  that,  as  their  feet  are  not  wetted  by  the 
water,  a  depression  is  produced,*  and  the  elastic  reaction  of  the  surface  layer 
keeps  them  up  in  spite  of  their  weight.  Similarly  a  sewing-needle,  gently 
placed  on  water,  does  not  sink,  because  its  surface,  being  covered  with  an 
oily  layer,  does  not  become  wetted.  The  pressure  of  the  needle  brings 
about  a  concavity,  the  surface  tension  of  which  acts  in  opposition  to  the 
weight  of  the  needle.  But  if  washed  in  alcohol  or  in  potash,  it  at  once  sinks 
to  the  bottom. 

A  drop  of  mercury  on  a  table  has  a  spherical  shape,  which,  like  that  of 
the  heavenly  bodies,  is  due  to  attraction.  The  globule  of  mercury  behaves 
as  if  its  molecules  had  no  weight,  since  it  remains  spherical.  That  is,  the 
molecular  attraction  is  far  greater  than  the  weight,  which  only  alters  the 
shape  of  the  globule  if  the  quantity  of  mercury  is  much  greater ;  it  then 
flattens,  but  always  retains  at  its  edge  the  convex  form  which  attraction  im- 
parts to  it.  A  liquid  immersed  in  another,  with  which  it  does  not  mix,  of 
exactly  the  same  specific  gravity,  such  as  olive  oil  in  a  mixture  of  alcohol 
and  water,  assumes  the  spheroidal  form. 
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138.  Various  eaplUmry  ptaenomena. — The  following  facts  are  among 
the  many  which  are  caused  by  capillarity  : — 

When  a  capillary  tube  is  immersed  in  a  liquid  which  moistens  it,  and 
is  then  carefully  removed,  the  column  of  liquid  in  the  tube  is  seen  to  be 
longer  than  while  the  tube  was  immersed  in  the  liquid.  This  arises  from 
the  fact  that  a  drop  adheres  to  the  lower  extremity  of  the  tube  and  forms  a 
concave  meniscus,  which  concurs  with  that  of  the  upper  meniscus  to  form  a 
longer  column  (131). 

For  the  same  reason  a  liquid  does  not  overflow  in  a  capillary  tube, 
although  the  latter  may  be  shorter  than  the  liquid  column  which  would 
otherwise  be  formed  in  it.  For  when  the  liquid  reaches  the  top  of  the  tube, 
its  upper  surface,  though  previously  concave,  becomes  convex,  and,  as  the 
downward  pressure  becomes  greater  than  if  the  surface  were  plane,  the 
ascending  motion  ceases. 

It  is  from  capillarity  that  oil  ascends  in  the  wicks  of  lamps,  that  water 
rises  in  woods,  sponge,  bibulous  paper,  sugar,  sand,  and  in  all  bodies  which 
possess  pores  of  a  perceptible  size.  In  the  cells  of  plants  the  sap  rises  with 
great  force,  for  here  we  have  to  do  with  vessels  whose  diameter  is  less  than 
o-Qi  mm.  Efflorescence  of  salts  is  also  due  to  capillarity  ;  a  solution  rising 
against  the  side  of  a  vessel,  the  water  evaporates,  and  the  salt  forms  on  the 
side  a  means  of  furthering  still  more  the  ascent  of  a  liquid.  Capillarity  is, 
moreover,  the  cause  of  the  following  phenomenon  : — When  a  porous  sub- 
stance, such  as  g>'psum,  or  chalk,  or  even  earth,  is  placed  in  a  porous  vessel 
of  unbaked  porcelain,  and  the  whole  is  dipped  in  water,  the  water  penetrates 
into  the  pores,  and  the  air  is  driven  inwards,  so  that  it  is  under  four  or  five 
times  its  usual  pressure  and  density.  Jamin  has  proved  this  by  cementing 
a  manometer  into  blocks  of  chalk,  gypsum,  &r.,  and  he  has  made  it  probable 
that  a  pressure  of  this  kind,  exerted  upon  the  roots,  promotes  the  ascent  of 
sap  in  plants. 

139.  andosmose  and  ezosmose. — Wlien  two  different  liquids  are  sepa- 
rated by  a  thin  porous  partition,  either  inorganic  or  organic,  a  current  sets 
in  from  each  liquid   to  the  other ;  to  these  currents  the  names  endosmose 
and  exosmose  are  respectively  given.     These  terms,  which  signify  impulse 
from   within  and  impulse  from  without^  *  were   originally   introduced  by 

Dutrochet,  who  first  drew  attention  to  these  phenomena.  The  general 
phenomenon  may  be  termed  diosniose.  They  may  be  well  illustrated  by 
means  of  the  endosmometer.  This  consists  of  a  long  tube,  at  the  end  of 
which  a  membranous  bag  is  finnly  bound  (fig.  109).  The  bag  is  then  filled 
with  a  strong  syrup,  or  some  other  solution  denser  than  water,  such  as  milk 
or  albumen,  and  is  immersed  in  water.  The  liquid  is  found  gradually  to  rise 
in  the  tube,  to  a  heij;ht  which  may  attain  several  inches;  at  the  same  time 
the  level  of  the  liquid  in  which  the  endosmometer  is  immersed  becomes 
lower.  It  follows,  therefore,  that  some  of  the  external  liquid  has  passed 
through  the  membrane  and  has  mixed  with  the  internal  liquid.  The 
external  liquid,  moreover,  is  found  to  contain  some  of  the  internal  liquid. 
Hence  two  currents  have  been  produced  in  opposite  directions.  The  flow 
of  the  liquid  towards  that  which  increases  in  volume  is  endosmose^  and  the 
current  in  the  opposite  direction  is  exosmose.  If  water  is  placed  in  the  bag, 
and  immersed  in  the  syrup,  endosmose  is  produced  from  the  water  towards 
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the  synip,  and  the  liquid 
of  the  exterior  is  raised. 

The  height  of  the  ascent  in  the  endosmometer  varies  with  different  liquids. 
Of  all  vegetable  substances,  sugar  is  that  which,  for  the  same  density,  has 
the  greatest  power  of  endosmose,  while 
albumen  has  the  highest  power  of  all  animal 
substances.  In  general  it  may  be  said  that 
endosmose  takes  place  towards  the  denser 
liquid.  Alcohol  and  ether  form  an  exception 
to  this  ;  they  behave  like  liquids  which  are 
denser  than  water.  With  acids,  according 
as  they  are  more  or  less  dilute,  the  endosmose 
is  ham  the  water  towards  the  acid,  or  from 
the  acid  towards  the  water. 

It  is  necessary  for  the  production  of 
endosmose — (i.)  that  the  liquids  be  different 
but  capable  of  mixing,  as  alcohol  and  water 
— there  is  no  diosmose,  for  instance,  with 
water  and  oil ;  (iL)  that  the  liquids  be  of 
different  densities ;  and  (iiL)  that  the  mem- 
brane must  be  permeable  to  at  least  one  of 
the  substances. 

The  current  through  thin  inorganic  plates 
is  feeble,  but  continuous,  while  organic  mem. 
brancs  are  rapidly  decomposed,  and  diosmose 
then  ceases. 

The  well-known  fact  that  dilute  alcohol  ._:.^-- 

kep(  in  a  porous  vessel  becomes  concen-  i.-ig_  ,^^ 

trated  depends  on  endosmose.     If  a  mixture 

of  alcohol  and  water  be  kept  for  some  lime  in  a  bladder,  the  volume 
diminishes,  but  the  alcohol  becomes  much  more  concentrated.  The  reason 
doubtless,  is  that  the  bladder  permits  the  diosmose  of  water  rather  than  that 
of  alcohol. 

Dutrochet's  method  is  not  adapted  for  quantitative  measurements,  for  it 
does  not  take  into  account  the  hydrostatic  pressure  produced  by  the  column. 
Joily  has  examined  the  endosmose  of  various  liquids  by  determining  the 
weights  of  the  bodies  diffiised.  He  calls  the  endomiotic  equivatenlai  a  sub- 
stance the  number  which  expresses  how  many  parts  by  weight  of  water  pass 
through  the  bladder  in  exchange  fur  one  part  by  weight  of  the  substance. 
The  following  are  some  of  the  endosmotic  equivalents  which  he  deter- 
mined :— 


Sulphuric  acid 
.Alcohol  . 

.      0-4     Sulpha 

-        4"2 

.       43     Causti 

le  of  copper     . 
magnesium 
potass    . 

Sugar     . 

.       7" 

He  also  found  that  the  endosmotic  equivalent  increases  with  the  temperature, 
and  that  the  quantities  of  substances  which  pass  in  equal  times  through  the 
bladder  are  proportional  to  the  strengths  of  the  solutions. 
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t4a  niabalon  or  IlqalAa.— If  oil  be  poured  on  water  no  tendency  to 
intennk  is  observed,  and  even  if  the  two  liquids  be  violently  agitated  to- 
gether, on  allowing  ihem  to  stand,  two  separate  layers  are  formed.  With 
alcohol  and  water  the  case  is  difTerenl ;  if  alcohol,  which  is  specifically 
lighter,  be  poured  upon  water,  the  liquids  gradually  intermix,  spite  of  the 
(liflcrence  of  the  specific  gravities  :  they  diffuse  into  one  another. 

This  point  may  he  illustrated  by  the  experiment  represented  in  fig.  1 1 1. 
A  tall  jar  contains  water  coloured  by  solution  of  blue  litmus  ;  by  means  of 
a  funnel  some  dilute  sulphuric  acid  is  carefully  poured  in,  so  as  to  font)  a 
layer  at  the  bottom  ;  the  colour  of  the  solution  is  changed  into  red,  progress- 
ing upwards,  and  after  foriy-eight  hours  the  change  is  complete — a  result  of 


:fore,  that  it  has  diffused  throughout 

The  laws  of  this  diffusion,  in  which  no  porous  diaphragm  is  used,  have 
been  completely  investigated  by  Graham.  The  method  by  which  his  latest 
experinienls  were  made  was  the  following  : — A  small  wide-necked  bottle  A 
(lig.  I  lo)  tilled  with  the  liquid  whose  rate  of  diffusion  was  to  be  examined, 
was  closed  by  a  thin  glass  disc  and  placed  in  a  larger  vessel  B,  in  which 
water  was  poured  to  a  height  of  about  an  inch  above  the  top  of  the  bottle. 
The  disc  was  carefully  removed,  and  then  after  a  given  time  successive 
layers  were  carefully  draivn  off  by  means  of  a  siphon  or  pipette,  and  their 
contents  examined. 

The  general  results  of  these  investigations  may  be  thus  stated  ; — 

i.  When  solutions  of  the  same  substance,  but  of  different  strengths,  are 
taken,  the  tjuanlilies  diffused  in  equal  limes  are  proportional  lo  the  strengths 
of  the  solutions. 

ii.  In  the  case  of  solutions  containing  equal  weights  of  different  substances, 
the  quantities  diffused  vary  with  the  nature  of  the  substances.  Saline 
substances  may  be  divided  into  a  nuinber  of  eqiiidiffuiive  grpups^  the  rales 
of  diffusion  of  each  group  being  connected  with  the  others  by  a  simple 
numerical  relation. 

iii.  The  quantity  diffused  varies  with  the  temperature.  Thus,  taking  the 
rate  of  diffusion  of  hydrochloric  acid  at  15°  C.  as  unity,  at  49°  C.  it  is  218. 
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iv.  If  Iwo  subsiantcs  which  do  not  combine  be  mixed  in  solution,  they 
may  be  partially  separated  by  diflusion,  (he  more  diffusive  one  passing  out 
most  rapidly.  In  some  cases  chemical  decomposition  even  may  be  eflecied 
by  diflusion.  Thus,  bisulphale  of  potassium  is  decomposed  into  free  sulphuric 
acid  and  neutral  sulphate  of  potassium. 

V.  If  liquids  be  dilute  a  substance  will  diffuse  into  water,  containing 
another  substance  dissolved,  as  into  pure  water ;  but  the  rate  ts  materially 
fcduced  if  a  portion  of  the  same  diRusing  substance  be  already  present. 

The  following  table  gives  the  approximate  times  of  equal  diffusion  : — 
Hydrochloric  acid        .        .        .     vo    Sulphate  of  magnesium .        .       7*0 
Chloride  of  sodium      .        .        .3-3    Albumen        ....     ^g-o 

Sugar 7-0     Caramel ')^'0 

It  will  be  seen  from  the  above  table  thai  the  difference  between  the  rales 
of  diffusion  is  very  great.  Thus  sulphate  of  magnesium,  one  of  the  least 
diffusible  saline  substances,  diffuses  7  limes  as  rapidly  as  albumen  and  tit 
times  as  rapidly  as  caramel.  Tliese  last  substances,  like  hydrjted  silicic- 
acid,  starch,  dexlrine,  gum,  iic,  constitute  a  class  of  substances  which  are 
characterised  by  their  incapacity  for  taking  the  crystalline  form,  and  by  the 
mucilaginous  character  of  iheir  hydrates.  Considering  gelatine  as  the  type 
rf  this  class,  Graham  has  proposed  to  call  them  colloids  (icdXXi;,  glue),  in  con- 
tndisiinction  to  the  far  more  easily  diffusible  crystalloid  substances.  Colloids 
>rc  for  the  most  part  bodies  of  high  atomic  weight,  and  it  is  probably  the 
larger  siie  of  their  molecules  which  hinders  their  passing  through  minute 
a^mures. 

Giaham  has  proposed  a  method  of  separating  bodies  based  on  iheir  un- 
HjMl  dtffusibility,  which  he  calls  dialysis.     H  is  dialyser  {fig.  1 1 2)  consists  of 


»  nng  of  guna-pcrcha,  over  which  is  stretched  while  wet  a  sheet  of  parch- 
■nmr-papcr,  forming  thus  a  vessel  about  two  inches  high  and  ten  Inches  in 
<li»m«er.  the  bollom  of  which  is  of  parchment-paper.  After  pouring  in 
ihe  mixed  solution  to  be  dialysed,  the  whole  is  floated  on  a  vessel  containing 
iTcry  large  quantity  of  water  (fig.  irj).  In  ihe  course  of  one  or  two  days 
•  nwrc  or  lets  complete  separation  will  have  been  effected.  Thus  a  solution 
ofanenious  acid  mixed  with  various  kinds  of  food  readily  diffuses  out.  The 
ptnccH  hai  received  imponant  applications  to  laboratory  and  pharmaceutical 


DiosmoM  plays  a  mosl  important  part  in  organic  life  ;  the  cell-wi 
diaphragms,  through  which  the  liquids  in  the  cells  set  up  diosniotic 
mucications. 


alls  are    ^H 
com-  ^^H 
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CH AFTER   III. 

HYDRODYNAMICS. 

141.  Bydrodynamics.  -  The  science  which  treats  of  the  motion  of  liquids 
is  hydrodynamics  ;  and  the  application  of  the  principles  of  this  science  to  con- 
ducting and  raising  water  in  pipes  and  to  the  use  of  water  as  a  motive  power 
is  known  by  the  name  of  hydraulics, 

142.  Velocity  of  efluz.  Torricelli's  theorem. — Let  us  imagme  an 
aperture  made  in  the  bottom  of  any  vessel,  and  consider  the  case  of  a  par- 
ticle of  liquid  on  the  surface,  without  reference  to  those  which  are  beneath. 
If  this  particle  fell  freely,  it  would  have  a  velocity  on  reaching  the  orifice 
equal  to  that  of  any  other  body  falling  through  the  distance  between  the 
level  of  the  liquid  and  the  orifice.  This,  from  the  laws  of  falling  bodies,  is 
s/igh^  in  which  g  is  the  accelerating  force  of  gravity,  and  h  the  height.  If 
the  liquid  be  maintained  at  the  same  level,  for  instance  by  a  stream  of  water 
running  into  the  vessel  sufficient  to  replace  what  has  escaped,  the  particles 
will  follow  one  another  with  the  same  velocity,  and  will  issue  in  the  form  of 
a  stream.  Since  pressure  is  transmitted  equally  in  all  directions,  a  liquid 
would  issue  from  an  orifice  in  the  side  with  the  same  velocity  provided  the 
depth  were  the  same. 

The  law  of  the  velocity  of  efflux  was  discovered  by  Torricelli.     It  may  be 

enunciated  as  follows  : —  The  velocity  of  efflux  is  the  velocity  which  a  freely 

falling  body  would  have  on  reaching  the  orifice  after  having  started  from 

a  state  of  rest  at  the  surface.     It  is  algebraically  expressed  by  the  formula 

v^  s/'^S^' 

It  follows  directly  from  this  law  that  the  velocity  of  efflux  depends  on  the 
depth  of  the  orifice  below  the  surface,  and  not  on  the  nature  of  the  liquid. 
Through  orifices  of  equal  size  and  of  the  same  depth,  water  and  mercury 
would  issue  with  the  same  velocity,  for  although  the  density  of  the  latter 
liquid  is  greater,  the  weight  of  the  column,  and  consequently  the  pressure,  is 
greater  too.  It  follows  further  that  the  velocities  of  efflux  are  directly  pro- 
portional to  the  square  roots  of  the  depth  of  the  orifices.  Water  would  issue 
from  an  orifice  100  inches  below  the  surface  with  ten  times  the  velocity  with 
which  it  would  issue  from  one  an  inch  below  the  surface. 

The  quantities  of  water  which  issue  from  orifices  of  dififerent  areas  are 
very  nearly  proportional  to  the  size  of  the  orifice,  provided  the  level  remains 
constant. 

143.  BireotioB  of  tbe  Jet  flrom  lateral  orifices. — From  the  principle  of 
the  equal  transmission  of  pressure,  water  issues  from  an  orifice  in  the  side  of 
a  vessel  with  the  same  velocity  as  from  an  aperture  in  the  bottom  of  a  vessel 
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at  the  same  depth.    Each  particle  of  a  jet  issuing  from  the  side  of  a  vessel 

begins  to  move  horizontally  with  the  velocity  above  mentioned,  but  it  is  at 

once  drawn  downward  by  the  force 

of  gravity  in  the  same  manner  as  a 

bullet,  fired  from  a  gun,  with  its  axis 

horizon taL     It   is  well  known  that 

the  bullet  describes  a  parabola  (49) 

with  a  vertical  axis,  the  vertex  being 

the  muzzle  of  the  gun.     Now,  since 

each  particle  of  the  jet  moves  in  the 

same  cur\'e,  the  jet  itself  takes  the 
parabolic  form,  as  shown  in  fig.  1 14. 
In  every  parabola  there  is  a  cer- 
tain point  called  the  focus^  and  the 
distance  from  the  vertex  to  the  focus 
iixes  the  magnitude  of  a  parabola  in  much  the  same  manner  as  the  distance 
from  the  centre  to  the  circumference  fixes  the  magnitude  of  a  circle.     Now 
it  can  easily  be  proved  that  the  focus  is  as  much  below,  as  the  surface  of  the 
water  is  above,  the  orifice.    Accordingly  the  jets  formed  by  water  coming 
from  orifices  at  different  depths  below  the  surface  take  di^erent  forms  as 
shown  in  ^%.  1 14. 

144.  Belflit  of  tlie  Jet. — If  a  jet  issuing  from  an  orifice  in  a  vertical 
direction  has  the  same  velocity  as  a  body  v/ould  have  which  fell  from  the 
surface  of  the  liquid  to  that  orifice,  the  jet  ought  to  rise  to  the  level  of  the 
liquid  It  does  not,  however,  reach  this  ;  for  the  particles  which  fall  hinder 
it.  But  by  inclining  the  jet  at  a  small  angle  with  the  vertical,  it  reaches 
about  j*-  of  the  theoretical  height,  the  difference  being  due  to  friction  and  to 
the  resistance  of  the  air.  By  experiments  of  this  nature  the  truth  of  Torri- 
celli's  law  has  been  demonstrated. 

145.  Quantity  of  efllaz.  Vena  oontracta. — If  we  suppose  the  sides  of 
a  vessel  containing  water  to  be  thin,  and  the  orifice  to  be  a  small  circle  whose 
area  is  A,  we  might  think  that  the  quantity  of  water  E  dis- 
charged in  a  second  would  be  given  by  the  expression 
^>ligh^  since  each  particle  has,  on  the  average,  a  velocity 
tqual  to  'y/2ghy  and  particles  issue  from  each  point  of  the 
orifice.  But  this  is  by  no  means  the  case.  This  may  be 
explained  by  reference  to  fig.  1 15,  in  which  AB  represents  an 
orifice  in  the  bottom  of  a  vessel — what  is  true  in  this  case 
being  equally  true  of  an  orifice  in  the  side  of  the  vessel. 
Hvery  particle  above  AB  endeavours  to  pass  out  of  the 
>essel,  and  in  so  doing  exerts  a  pressure  on  those  near  it. 
Those  that  issue  near  A  and  B  exert  pressures  in  the 
direaions  MM  and  NN  ;  those  near  the  centre  of  the  orifice  in  the  direction 
KQ,  those  in  the  intermediate  parts  in  the  directions  PQ,  PQ.  In  conse- 
quence, the  water  within  the  space  PQP.  is  unable  to  escape,  and  that  which 
does  escape,  instead  of  assuming  a  cylindrical  form,  at  first  contracts,  and 
lakes  the  form  of  a  truncated  cone.  It  is  found  that  the  escaping  jet  con- 
tinues to  contract,  until  at  a  distance  from  the  orifice  about  equal  to  the 
diameter  of  the  orifice.     This  part  of  the  jet  is  called  the  vena  contracta.     It 
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is  found  that  the  area  of  its  smallest  section  is  about  }  or  o'6i  of  that  of  the 
orifice.  Accordingly,  the  true  value  of  the  efflux  p«r  second  is  given  approxi- 
mately by  the  fonnula 

E=o-62Av/2^A 
or  the  actual  value  of  E  is  about  O'ti  of  its  theoretical  amount. 

T46.  Znaiienc*  of  tabei  od  the  qnantltr  *t  aflvx. — The  result  given 
in  the  last  article  has  reference  to  an  aperture  in  a  thin  wall.  If  a  cylindrical 
or  conical  efflux  tube  or  ajutage  is  fitted  to  the  aperture,  the  amount  of  the 
efflux  is  considerably  increased,  and  in  some  cases  falls  but  a  little  short  of 
its  theoretical  amount. 

A  short  cylindrical  ajutage,  whose  length  is  from  two  to  three  times 
its  diameter,  has  been  found  10  increase  the  efflux  per  second  to  about 
o-iih-/2gh.  In  this  case  the  water  on  entering  the  ajutage  forms  a  con- 
tracted vein  (fig.  1 16),  just  as  it  would  do  on  issuing  freely  into  the  air ;  but 
afterwards  it  expands,  and,  in  consequence  of  the  adhesion  of  the  water  10 
the  interior  surface  of  the  tube,  has,  on  leaving  the  ajutage,  a  section  greater 
than  that  of  the  contracted  vein.  The  contraction  of  the  jet  within 
the  ajutage  causes  a  partial  vacuum.  If  an  aperture  is  made  in  the  ajutage, 
near  the  point  of  greatest  contraction,  and  is  filled  with  a  vertical  tube,  the 
other  end  of  which  dips  into  water  (fig.  1  [6),  it  is 
found  that  water  rises  in  ihe  vertical  tube,  thereby 
proving  the  formation  of  a  partial  vacuum. 

Ifthe  ajutage  has  the  form  ofa  conicfrustnim 
whose  larger  end  is  at  the  aperture,  the  efflux  in 
a  second  maj'  be  raised  to oi)2Ay/2ffA,  provide'd 
the  dimensions  arc  properly  chosen.  If  the 
smaller  end  of  a  frustrum  of  a  cone  of  suitable 
dimensions  be  fitted  to  the  orifice,  the  efflux 
may  be  still  further  increased,  and  fall  very  little 
short  of  the  theorelical  amount. 

When  the  ajutage  has  more  than  a  certain 
length,  a  considerable  diminution  takes  place  in 
the  amount  of  the  efflux  :  for  example,  if  its  length 
r,  the  efflux  is  reduced  to  o()'iA^2gh.  This  arises  from 
Iter  passes  along  cylindrical  tubes,  the  resistance  in- 
creases with  the  length  of  the  tube  :  for  a  thin  layer  of  liquid  is  attracted  to 
the  walls  by  adhesion,  and  the  internal  tlowing  liquid  rubs  against  this. 
The  resistance  which  gives  rise  to  this  result  is  called  hydraulic  friction  :  it 
is  independent  of  the  material  of  the  tube,  provided  it  be  not  roughened ; 
but  depends  in  a  considerable  degree  on  the  viscosity  of  the  liquid  ;  for 
c-cold   water  experiences  a  greater  resistance  than   lukewarm 


According  to  Prony,  the  mean  velocity  v  of  water  ii 
the  length  /,  and  the  diameter  d,  under  the  pressure/,  i 


Vf. 


This  is  on  the  assumption  that  the  tubes  are  straight. 
cun-ature  of  the  tube  diminishes  ii,  seeing  that  par;  of  the  mi 


n  pipe  of 


Any  angle  or 
lion  is  used  up 
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in  pressure  against  the  sides.  Thus  Venturi  found  the  time  requisite  to  fill 
a  small  vessel  by  means  of  a  tube  38  inches  in  length  by  3*3  in  diameter,  was 
45,  50,  or  70  seconds,  according  as  the  tube  was  straight,  curved,  or  bent. 

By  means  of  hydraulic  pressure  Tresca  has  submitted  solids  such  as 
silver,  lead,  iron  and  steel,  powders  like  sand,  soft  plastic  substances  such  as 
clay,  and  brittle  bodies  like  ice,  to  such  enormous  pressures  as  100,000  kilo- 
granmies,  and  has  found  that  they  then  behave  like  fluid  bodies.  His  ex- 
periments show  also  that  these  bodies  transmit  pressure  equally  in  all 
directions  when  the  pressure  is  considerable  enough. 

147.  Bfllaz  tliroavli  oapUlary  tabes. — This  was  investigated  by 
Poisseuille  by  means  of  the  apparatus  represented  in  fig.  117,  in  which  the 
capillary  tube  AB  is  sealed  to  a  glass  tube  on  which  a  bulb  is  blown.  The 
volume  of  the  space  between  the  marks  M  and  N  is  accurately  determined, 
and  the  apparatus  having  been  filled  with  the  liquid  under  examination  by 
suction,  the  apparatus  is  connected  at  the  end  M  with  a  reservoir  of  com- 
pressed air,  in  which  the  pressure  is  measured  by  means  of  a  mercur>'  mano- 
meter. The  time  is  then  noted  which  is  required  for  the  level  of  the  liquid 
to  sink  from  M  to  N,  the  pressure  remaining  constant.  Poisseuille  thus 
found  that  q,  the  quantity  which  flows  out  in  a  given  time,  is  represented  by 
the  formula 

where/  is  the  pressure,  dihe  diameter,  and  /the  length  of  the  tube,  while  k 
is  a  constant,  which  varies  with  the  nature  of  the  liquid  ;  and  is  greatly 
influenced  by  the   tempera- 
ture.   An   increase  from  0° 
lo  60°  C.  increases  the  quan- 
tity threefold. 

148.  Vorm  of  tlia  Jet. — 
After  the  contracted  vein, 
the  jet  has  the  form  of  a  solid 
rod  for  a  short  distance,  but 
then  begins  to  separate  into 
drops,  which  present  a  pecu- 
liar appearance.  They  seem 
to  form  a  series  of  ventral 
and  nodal  segments  (fig. 
>i8;.  The  ventral  segments 
consists  of  drops  extended 
in  a  horizontal  direction,  and 
the  nodal  segments  in  a  longitudinal  direction.  And  as  the  ventral  and 
nodal  segments  have  respectively  a  fixed  position,  each  drop  must  alternately 
become  elongated  and  flattened  while  it  is  falling  (fig.  119).  Between  any 
two  drops  there  are  smaller  ones,  so  that  the  whole  jet  has  a  tube-like 
appearance. 

If  the  jet  is  momentarily  illuminated  by  the  electric  spark  its  structure  is 
*ell  seen  ;  the  drops  appear  then  to  be  stationary,  and  separate  from  each 
other.  If  the  aperture  is  not  circular  the  form  of  the  jet  undergoes  curious 
changes. 
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149.  S7di«mie  toomlqnat.--  If  water  be  contained  in  a  vessel,  and  an 
aperture  be  made  in  one  of  the  sides,  the  pressure  at  this  point  is  removed, 
for  it  is  expended  in  sending  out  the  water  :  but  it  remains  on  the  other  side ; 
and  if  the  vessel  were  mo\'abIc  in  a  horizontal  direction,  it  would  move  in  a 
direction  opposite  that  of  the  issuing  jet.  This  is  illustrated  by  the  appa- 
ratus known  as  the  hydraulic  tourniquet  or  Barker's  mill  (fig.  120).  It  con- 
sists of  a  glass  vessel,  M,  containing  water,  and  capable  of  moving  about  its 
vertical  axis.  At  the  lower  part  there  is  a  lube,  C,  bent  horizontally  in  oppo- 
site directions  at  the  two  ends.  If  the  vessel  were  full  of  water  and  the  tubes 
closed,  the  pressure  on  the  sides  of  C  would  balance  each  other,  being  equal 
and  acting  in  contrary  directions  ;  but,  being  open,  the  water  runs  out,  the 
pressure  is  not  exerted  on  the  open  part,  but  only  on  the  opposite  side,  as 
shoivn  in  the  figure  A.    And  this  pressure,  not  being  neutralised  by  an  oppo- 


■* 
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site  pressure,  imparts  a  rotatory  motion  in  the  direction  of  the  arrow,  the 
velocity  of  which  increases  with  the  height  of  the  liquid  and  the  siie  of  the 
aperture. 

The  same  principle  may  be  illustrated  by  the  following  experiment.  A 
tall  cylinder  containing  water,  and  provided  with  a  lateral  slop-cock  near  the 
bottom,  is  placed  on  a  light  shallow  dish  on  water,  so  that  it  easily  floats. 
On  opening  ihe  stop-cock  so  as  to  allow  water  to  flow  out,  the  vessel  is  ob- 
served to  move  in  a  direction  diametrically  opposite  to  that  in  which  the 
water  is  issuing.  Similarly,  if  a  vessel  containing  water  be  suspended  by  a 
string,  on  opening  an  aperture  in  one  of  the  sides,  the  water  will  jet  out,  and 
the  vessel  be  defleaed  av.ay  from  the  vertical  in  the  opposite  direction. 

Segner's  water-wheel  and  the  reaction  machine  depend  on  this  principle. 
So  also  do  rotating  fireworks  ;  that  is,  an  unbalanced  reaction  from  the 
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heated  gases  which  issue  from  openings  in  them,  gives  them  motion  in  the 
opposite  direction. 

150.  iViftter-wliaaU.  Turbines. — When  water  is  continuously  flowing 
from  a  higher  to  a  lower  level,  it  may  be  used  as  a  motive  power.  The 
motive  power  of  water  is  generally  utilised  either  by  means  of  water-wheels^ 
turbineSy  rams^  or  hydraulic  engines. 

Water-wheels  are  wheels  provided  with  buckets  or  float-boards  at  the 

circumference,  and  on  which  the  water  acts  either  by  pressure  or  by  impact. 

They  are  made  to  turn  in  a  vertical  plane  round  a  horizontal  axis,  and  are 

of  two  principal  kinds,  undershot  and  overshot.     In  undershot  wheels  the 

float -boards  are  placed  radially,  that  is  at  right  angles  to  the  circumference 

of  the  wheel.     The  lowest  float -boards  are  immersed  in  the  water,  which 

flows  with  a  velocity  depending  on  the  height  of  the  fall.     Such  wheels  are 

applicable  where  the  quantity  of  water  is  great,  but  the  fall  inconsiderable. 

Overshot  wheels  are  used  with  a  small  quantity  of  water  which  has  a  high 

fall,  as  with  small  mountain  streams.     On  the  circumference  of  |he  wheel 

there  are  buckets  of  a  peculiar  shape.    The  water  falls  into  the  buckets  on 

the  upper  part  of  the  wheel,  which  is  thus  moved  by  the  weight  of  the  water, 

and  as  each  bucket  anives  at  the  lowest  point  of  revolution  it  discharges  all 

the  water,  and  ascends  empty. 

The  turbine  is  a  horizontal  water-wheel,  and  is  similar  in  principle  to  the 
hydraulic  tourniquet  or  reaction  wheel  (149).  It  consists  of  a  pair  of  discs, 
one  above  the  other,  connected  together  by  a  number  of  specially  shaped  thin 
^ns  or  blades,  which  divide  the  space  between  the  discs  into  an  equal 
number  of  cur\'ed  radial  chambers.  The  wheel  works  generally  upon  a 
vertical  axis,  and  one  of  the  discs  is  cut  away  at  the  centre.  In  an  outward 
prjj  turbine^  the  water  enters  through  the  opening  so  made  into  the  space 
between  the  discs,  and  passes  outwards  radially  through  the  chambers  above 
mcniioned,  causing  the  wheel  to  rotate  by  its  reaction  upon  their  curved 
^alls.  In  order  to  prevent  waste  of  energy  in  giving  useless  rotation  to  the 
*ater,  the  peripheral  openings  of  the  wheel  are  surrounded  by  a  series  of 
corresponding  fixed  chambers,  whose  sides  (guide -blades)  are  so  curved  that 
the  water  when  it  leaves  them  has  lost  all  its  rotational  motion,  and  simply 
flows  away  at  right  angles  to  the  axis.  In  an  inward  flow  turbine  the  water 
Alters  the  peripheral  opening  of  the  wheel  through  the  guide-blades,  and 
'eaves  the  wheel  at  the  centre. 

The  total  theoretical  effect  of  a  fall  of  water  is  never  realised  ;  for  the 
*aier,  after  acting  on  the  wheel,  still  retains  some  velocity,  and  therefore 
docs  not. impart  the  whole  of  its  velocity  to  the  wheel.  In  many  cases  water 
flows  past  without  acting  at  all  ;  if  the  water  acts  by  impact,  vibrations  are 
pnxiuccd  which  are  transmitted  to  the  earth  and  lost ;  the  same  eflfect  is 
produced  by  the  friction  of  water  over  an  edge  of  the  sluice,  in  the  channel 
»hich  conveys  it,  or  against  the  wheel  itself,  as  well  as  by  the  friction  of 
this  latter  against  the  axle.  A  wheel  working  freely  in  a  stream,  as  with  the 
''orn-mills  on  the  Rhine  near  Mainz,  does  not  utilise  more  than  20  per  cent, 
of  the  theoretical  effect.  One  of  the  more  perfect  forms  of  turbines  will 
*ork  up  to  over  80  per  cent.  Turbines  also,  when  properly  designed,  may 
he  made  to  have  a  very  high  efficiency  either  with  high  or  low  falls ;  while,  on 
account  of  the  great  speed  at  which  they  run,  they  are  very  much  smaller 
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han  water-wheels  in  proportion  to  their  power.  They  are  thas  more  'effi- 
cient '  motors  than  steam -engines,  which,  even  if  perfect,  can  only  tnuisform 
into  work  from  25  10  30  per  cent,  of  the  energy  represented  by  the  coal  they 
burn,  and  seldom  in  practice  utilise  more  than  half  of  this  percentage. 

The  hydraulic  ram,  often  called  Montgolfier's  Ram,  is  simply  a  pumping 
machine  by  which  a  large  quantity  of  water,  falling  through  a  smaller 
distance,  is  made  to  lift  a  small  quantity  through  a  greater  height. 

151.  ByarKiiUo  Bndn a.— Historically,  falling  water  was  one  of  the 
earliest  sources  of  power ;  but  it  is  only  lately  that  attention  has  been  called 
(first  by  Sir  \V.  Armstrong)  lo  the  advantage  of  using  hydraulic  power  In 
towns  and  other  places  where  there  is  no  natural  fall  of  water  for  driving 
certain  classes  of  machines,  in  those  cases  more  especially  where  the  use  of 
the  machinery  is  only  ' 


For  this  purpose  the  most  important  docks  and  large  warehouses  are 
now  generally  furnished  with  means  of  obtaining  a  water-supply  at  a  ver)- 
high  pressure,  generally  about  ^00  pounds  to  the  square  inch.  Steam- 
pumping  engines  are  employed  to  pump  water  more  or  less  continuously 
into  what  arc  practically  large  cylinders  with  immensely  heavy  pistons  loaded 
to  the  required  pressure.  These  vessels  are  called  accumulators,  and  pipes 
from  them  are  led  away  to  the  various  places  {lock  gates,  sluice  valves, 
cranes,  capstans,  &c.)  where  power  may  be  wanted.  At  each  of  these  places 
there  is  some  kind  of  hydraulic  motor  suitable  to  the  particular  work  to  be 
done,  and  this  motor  can  be  instantaneously  set  to  work  by  opening  the 
communication  between  it  and  the  high-pressure  water  in  the  accumulator. 
The  motor  used  is  not  uncommonly  a  small  engine  similar  in  principle  to  a 
steam-engine,  and  one  of  the  best  of  these  engines  is  that  illustrated  in 
fig.  I2r,  which  is  the  invention  of  Schmidt  of  Ziirich.  It  consists  of  a 
cylinder  fitted  with  a  piston  c,  whose  rod  is  connected  directly  to  a  crank 
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upon  a  horizontal  shaft.  The  cylinder  has  two  ports  or  passages,  a  and  b^ 
one  at  each  end,  both  terminating  below  in  openings  upon  a  convex  curved 
face,  which  is  kept  continually  pressed  against  a  similar  concave  face  upon 
the  framing  of  the  engine.  In  this  fixed  face  is  also  an  inlet  port  or  passage 
A,  and  outlet  passages  B.  When  the  cylinder  is  in  the  position  shown 
in  the  figure  the  high-pressure  water  is  passing  in  through  A  and  b^  forcing 
the  piston  along,  and  driving  out  the  already  used  water  away  through  a 
and  B.  As  the  piston  moves  and  turns  the  crank,  the  cylinder  oscillates  on 
its  bearings,  and  by  the  time  the  piston  has  got  to  the  end  of  its  stroke, 
the  cylinder  being  then  horizontal,  the  process  is  just  being  reversed,  water 
|>assing  in  through  A  and  a,  and  out  through  b  and  B.  W  is  an  air-vessel 
for  preventing  shocks. 

The  chief  drawback  about  the  use  of  water-power,  except  where  there  is 
a  large  natural  supply  under  pressure,  is  its  expense.  For  each  revolution 
ot  the  crank-shaft,  two  complete  cylinders  full  of  water  must  be  passed 
through  such  an  engine,  as,  whether  the  power  be  wanted  or  not,  the  water 
cannot  be  expanded  like  steam. 

With  any  given  pressure  it  is  easy  to  find  how  much  water  will  be 
required  for  a  given  power.  At  a  pressure  of  30  pounds  per  squareinch, 
for  instance,  one  horse-power  will  require,  supposing  the  efficiency  of  the 

machine  to  be  70  per  cent.  (472)    330Qox()o     ^  about  855  cubic  feet  or  4,000 

30  X  144  X  07 

gallons  per  hour,  a  quantity  the  cost  of  which  would  in  most  cases  put  the 
use  of  the  power  out  of  the  question.  The  pressure  in  town  mains  generally 
lies  between  20  and  40  pounds  per  square  inch,  and  it  is  therefore  only  in 
cases  where  a  special  high-pressure  supply  is  available  that  the  power  can 
t>e  economically  used. 

Water-power  is  usually  represented  by  the  weight  of  the  water  multiplied 
into  the  height  of  the  available  fall  ;  or  it  may  also  be  represented  by  half 
the  product  of  the  mass  into  the  square  of  the  velocity.  Both  measurements 
?ive  the  same  result  (60).  The  water-power  of  the  Niagara  Falls  is  calcu- 
lated to  be  equal  to  four  and  a  half  millions  of  horsepower. 
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CHAPTER   I. 
PROPERTIES  OF  GASES.      ATMOSPHERE.      BAROMETERS. 

152.  Pbyslcal  properties  of  yases. — Gases  are  bodies  which,  unlike 
solids,  have  no  independent  shape,  and  unlike  liquids,  have  no  independent 
volume.  Their  molecules  possess  the  most  perfect  mobility,  and  are  con- 
tinually tending  to  occupy  a  greater  space.  This  property  of  gases  is  known 
by  the  names  expansibility^  tension^  or  elastic  force ^  from  which  they  are  often 
called  elastic  fluids. 

Gases  and  liquids  have  several  properties  in  common,  and  some  in  which 
they  seem  to  differ  are  in  reality  only  different  degrees  of  the  same  property. 
Thus,  in  both,  the  particles  are  capable  of  moving  :  in  gases  quite  freely  ;  in 
liquids  not  quite  freely,  owing  to  a  certain  degree  of  viscosity.  Both  are 
compressible,  though  in  very  different  degrees.  If  a  liquid  and  a  gas  both 
exist  under  the  pressure  of  one  atmosphere,  and  then  the  pressure  be 
doubled,  the  water  is  compressed  by  about  the  5—^  part,  while  the  gas  is 
compressed  by  one-half.  In  density  there  is  a  great  difference ;  water,  which 
is  the  typeof  liquids,  is  770  times  as  heavy  as  air,  the  type  of  gaseous  bodies, 
while  under  the  pressure  of  one  atmosphere.  The  property  by  which  gases 
are  distinguished  from  liquids  is  their  tendency  to  indefinite  expansion. 

Matter  assumes  the  solid,  liquid,  or  gaseous  form  according  to  the  rela- 
tive strength  of  the  cohesive  and  repulsive  forces  exerted  between  their 
molecules.  In  liquids  these  forces  balance ;  in  gases  repulsion  prepon- 
derates. 

By  the  aid  of  pressure  and  of  low  temperatures,  the  force  of  cohesion 
may  be  so  far  increased  in  many  gases  that  they  are  readily  converted  into 
liquids,  and  we  know  now  that  with  sufficient  pressure  and  cold  they  may  all 
be  liquefied.  On  the  other  hand,  heat,  which  increases  the  vis  viva  of  the 
molecules,  converts  liquids,  such  as  water,  alcohol,  and  ether,  into  the  aeriform 
state  in  which  they  obey  all  the  laws  of  gases.  This  aeriform  state  of  liquids 
is  known  by  the  name  of  vapour ;  while  gases  are  bodies  which,  under  ordi- 
nary' temperature  and  pressure,  remain  in  the  aeriform  state. 

In  describing  the  properties  of  gases  we  shall,  for  obvious  reasons,  have 
exclusive  reference  to  atmospheric  air  as  their  type. 


153-  ■«p«ii»iMiity  of  Bun. — This  property  of  gases,  [heir  tendency  lo 
lally  a  greater  volume,  is  exhibited  by  means  of  the  following 
experiniem  :^A  bladder,  closed  by  a  stopcock  and  about  half  full  of  air,  is 
pUced  under  the  receiver  of  the  air.pump  (fig.  122),  a 

1  which  the  bladder  immediately 
distends.  This  arises  from  the  fact  that  the 
molecules  of  air  llying  about  In  all  din 
press  against  the  sides  of  the  bladder.  Under 
ordinary  conditions  this  internal  pressure  is 
counterbalanced  by  the  a  '  ' 
which  exerts  an  equal  and  contrary  pressure. 
But  when  this  pressure  is  removed,  by  e\- 
hiiisljng  the  receiver,  the  internal  pressure 
Womei  evident.  When  air  is  admitted  into 
the  receiver,  the  bladder  resumes  its  original 

154.  OompreaalttUltT    of    cmaea. — The 

compressibility  of  gases  is  readily  shown  by 
tht  j»(M'u«».i//c  t/ringe  {n^.  133).     This 
lists  of  a  Moul  glass  tube  closed  at  one 
and  provided  with  a  tight-titling  solid  piston. 
I      When  the  rod  of  the  piston  is  pressed, 

■  nwves  down  in  the  tube,  and  the  air  becomes 
fl      ("iDpressed  into  a  smaller  volume  ; 

■  air  te^ns  its  original  volume,  and  the  piston  ri 

t 


155.  «r«iKht  ofBUcB.— From  their  evtreme  fluidity  and  expansibility, 
Wt%  seem  to  be  uninfluenced  by  the  force  of  gravity  :  they  nevertheless 
posieM  weight  like  solids  and  liquids.  To  show  this,  a  glass  globe  of  3  or  4 
qoarTs  capacity  is  taken  (Rg.  124),  the  neck  of  which  is  provided  with  a  stop- 
TOck,  which  hermetically  closes  it,  and  by  which  it  can  be  screwed  to  the 
pUte  of  the  air-pump.  The  globe  is  then  exhausted,  and  its  weight  dcter- 
niiacd  by  means  rif  a  delicate  balance.  Air  is  now  allowed  to  enter,  and  the 
jiotie  again  weighed.  The  weight  in  the  second  case  will  be  found  to  be 
paler  than  before,  and  if  th#  eapaciiy  of  the  vessel  is  known,  the  increase 
"ill  obviously  be  the  weight  of  that  volume  of  air. 

By  a  modification  of  this  method,  and  with  the  adoption  of  certain  pre. 
culioiu,  the  weight  of  air  and  of  other  gases  has  been  determined.  Perhaps 
those  of  Kegnauli,  who  found  that  a  litre  of  dry  a' 


124 


P'ig.  124. 


On  Gases  [ISff- 

o**  C,  and  under  a  pressure  of  760  millimetres,  weighs  1*293187  grammes. 
Since  a  litre  of  water  (or  1,000  cubic  centimetres)  at  o®  weighs  0*999877 
gramme,  the  density  of  air  is  0*00129334  that  of  water  under  the  same  circum- 
stances ;  that  is,  water  is  773  times  as  heavy  as  air.    Expressed  in  English 

measures,  100  cubic  inches  of  dry  air  under  the  ordinary  at- 
mospheric pressure  of  30  in.  and  at  the  temperature  of  16®  C. 
weigh  3 1  grains  ;  the  same  volume  of  carbonic  acid  gas  under 
the  same  circumstances  weighs  47*25  grains  ;  100  cubic 
inches  of  hydrogen,  the  lightest  of  all  gases,  weigh  2*14 
grains  ;  and  100  cubic  inches  of  hydriodic  acid  gas  weigh 
146  grains. 

1 56.  Pressures  exerted  by  fasee. — Gases  exert  on  their 
own  molecules,  and  on  the  sides  of  vessels  which  contain 
them,  pressures  which  may  be  regarded  from  two  points 
of  view.  First,  we  may  neglect  the  weight  of  the  gas ; 
secondly,  we  may  take  account  of  its  weight.  If  we  neglect 
the  weight  of  any  gaseous  mass  at  rest,  and  only  consider  its 
expansive  force,  it  will  be  seen  that  the  pressures  due  to  this 
force  act  with  the  same  strength  on  all  points,  both  of  the 
mass  itself  and  of  the  vessel  in  which  it  is  contained.  For 
it  is  a  necessary  consequence  of  the  elasticity  and  fluidity 
of  gases,  that  the  repulsive  force  between  the  molecules  is 
the  same  at  all  points,  and  acts  equally  in  all  directions. 
This  principle  of  the  equality  of  the  pressure  of  gases  in 
all  directions  may  be  shown  experimentally  by  means  of  an  apparatus 
resembling  that  by  which  the  same  principle  is  demonstrated  for  liquids 

(fig.  65). 

If  we  consider  the  weight  of  any  gas,  we  shall  see  that  it  gives  rise  to 
pressures  which  obey  the  same  laws  as  those  produced  by  the  weight  of 
liquids.  Let  us  imagine  a  cylinder,  with  its  axis  vertical,  several  miles  high, 
closed  at  both  ends  and  full  of  air.  Let  us  consider  any  small  portion  of 
the  air  enclosed  between  two  horizontal  planes.  This  portion  must  sustain 
the  weight  of  all  the  air  above  it,  and  transmit  that  weight  to  the  air  beneath 
it,  and  likewise  to  the  curved  surface  of  the  cylinder  which  contains  it,  and 
at  each  point  in  a  direction  at  right  angles  to  the  surface.  Thus  the  pressure 
increases  from  the  top  of  the  column  to  the  base ;  at  any  given  layer  it 
acts  equally  on  equal  surfaces,  and  at  right  angles  to  them,  whether  they 
are  horizontal,  vertical,  or  inclined.  The  pressure  acts  on  the  sides  of 
the  vessel,  and  on  any  small  surface  it  is  equal  to  the  weight  of  a  column 
of  gas  whose  base  is  this  surface,  and  whose  height  its  distance  from  the 
summit  of  the  column.  The  pressure  is  also  independent  of  the  shape 
and  dimensions  of  the  supposed  cylinder,  provided  the  height  remains  the 
same. 

For  a  small  quantity  of  gas  the  pressures  due  to  its  weight  are  quite  in- 
significant,  and  may  be  neglected  ;  but  for  large  quantities,  like  the  atmo- 
sphere, the  pressures  arc  considerable,  and  must  be  allowed  for. 

1 57.  Tbe  atmospliere  :  its  oomposltlon. — The  atmosphere  is  the  layer 
of  air  which  surrounds  our  globe  in  every  part.  It  partakes  of  the  rotatory 
motion  of  the  globe,  and  would  remain  fixed  relatively  to  terrestrial  objects 
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bat  for  local  circumstances,  which  produce  winds,  and  are  constantly  dis- 
turbing its  equilibrium. 

It  is  essentially  a  mixture  of  03cygen  and  nitrogen  gases  ;  its  average  com- 
position by  volume  being  as  follows  : — 

Nitrogen ^        .        .  78*49 

Oxygen 20*63 

Aqueous  vapour 0*84 

Carbonic  acid 0*04 

lOO'OO 

The  carbonic  acid  arises  from  the  respiration  of  animals,  from  the  pro- 
cesses of  combustion,  and  from  the  decomposition  of  organic  substances. 
Boussingault  has  estimated  that  in  Paris  the  following  quantities  of  carbonic 
add  are  produced  every  24  hours  : — 

By  the  population  and  by  animals .        .     1 1,895,000  cubic  feet 
By  processes  of  combustion    .        .        .    92,101,000        „ 

103,996,000        „ 

Notwithstanding  this  enormous  continual  production  of  carbonic  acid 
the  composition  of  the  atmosphere  does  not  vary ;  for  plants  in  the  process 
of  vegetation  decompose  the  carbonic  acid,  assimilating  the  carbon,  and 
restoring  to  the  atmosphere  the  oxygen,  which  is  being  continually  con- 
sumed in  the  processes  of  respiration  and  combustion. 

158.  Atmospberio  pressure. — If  we  neglect  the  perturbations  to  which 
the  atmosphere  is  subject,  as  being  inconsiderable,  we  may  consider  it 
2s  a  fluid  sea  of  a  certain  depth,  surrounding  the  earth  on  all  sides,  and 
exercising  the  same  pressure  as  if  it  were  a  liquid  of  very  small  density. 
Consequently  the  pressure  on  the  unit  of  area  is  constant  at  a  given  level, 
heing  equal  to  the  weight  of  the  column  of  atmosphere  above  that  level 
*ho5e  horizontal  section  is  the  unit  of  area.  It  will  act  at  right  angles  to 
the  surface,  whatever  be  its  position.  It  will  diminish  as  we  ascend,  and 
increase  as  we  descend  from  that  level.  Consequently,  at  the  same  height, 
the  atmospheric  pressures  on  unequal  plane  surfaces  will  be  proportional  to 
the  areas  of  those  surfaces,  provided  they  be  small  in  proportion  to  the  height 
of  the  atmosphere. 

In  virtue  of  the  expansive  force  of  the  air,  it  might  be  supposed  that  the 
njolecules  would  expand  indefinitely  into  the  planetary  spaces.  But,  in  pro- 
portion as  the  air  expands,  its  expansive  force  decreases,  and  is  further 
•eakcned  by  the  low  temperature  of  the  upper  regions  of  the  atmosphere,  so 
that,  at  a  certain  height,  equilibrium  is  established  between  the  expansive 
force  which  separates  the  molecules,  and  the  action  of  gravity  which  draws 
them  towards  the  centre  of  the  earth.  It  is  therefore  concluded  that  the 
Vmosphere  is  limited. 

From  the  weight  of  the  atmosphere,  and  its  increase  in  density,  and  from 
the  observation  of  certain  phenomena  of  twilight,  its  height  has  been  esti- 
nuied  at  from  30  to  40  miles.  Above  that  height  the  air  is  extremely  rarefied, 
^d  at  a  height  of  60  miles  it  is  assumed  that  there  is  a  perfect  vacuum.  On 
the  other  hand,  meteorites  have  been  seen  at  a  height  of  200  miles,  and  as  their 
huninosity  is  undoubtedly  due  to  the  action  cf  air,  there  must  be  air  at  such  a 
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height.  This  higher  estimate  is  supporled  by  observations  made  al  Kio 
Janeiro  on  the  twilight  arc,  by  M.  Liais,  who  estimates  the  height  of  the  atmo- 
sphere at  between  198  and  212  miles.  The  question  as  to  the  exact  height  of 
the  atmosphere  must  therefore  be  considered  as  still  awaiting  settlement. 

As  it  has  been  previously  stated  that  100  cubic  inches  of  air  weigh  31 
grains,  it  will  readily  be  conceived  that  the  whole  atmosphere  exercises  a 
considerable  pressure  on  the  surface  of  the  earth.  The  existence  of  ihis 
pressure  is  shown  by  the  following  e.vperiments. 

[  59.  OnstalDc  force  of  the  BtmoiptteT«. — On  one  end  of  a  stout  glass 
cylinder,  about  5  inches  high,  and  open  al  both  ends,  a  piece  of  bladder  is 
lied  quite  airtight.  The  other  end,  the  edge  of  which  is  ground  and  well 
greased,  is  pressed  on  Ihc  plaie  of  the  air-pump  (Hg.  izj).  As  soon  as  the 
air  in  the  vessel  is  rarefied  by  working  the  air-pump,  the  bladder  is  de- 
pressed by  the  weight  of  the  almospiiere  above  it,  and  finally  bursts  with  a 
loud  report  caused  by  the  sudden  entrance  of  the  air. 


160.  KarAebtirx  bemlipberes. — The  preceding  experiment  only  serves 
to  illustrate  the  downward  pressure  of  the  atmosphere.  Hy  means  of  the 
Magdeburg hetniipherts  (figs.  126  and  127),  the  invention  of  which  is  due  to 
Otio  von  Cuericke,  burgomaster  of  Magdeburg,  it  can  be  shown  that  the 
pressure  acts  in  all  directions.  This  apparatus  consists  of  two  hollow  brass 
hemispheres  of  4  to  4}  inches  diameter,  the  edges  of  which  are  made  10  fit 
lightly,  and  are  well  greased.  One  of  the  hemispheres  is  provided  with  a 
stopcock,  by  which  it  can  be  screwed  on  the  air-pump,  and  on  the  other  there 
is  a  handle.  As  long  as  the  hemispheres  contain  air  they  can  be  separated 
without  any  difficulty,  for  the  external  pressure  of  the  atmosphere  is  counter- 
balanced by  the  elastic  force  of  the  air  in  the  interior.  Bui  when  ihe  air  in 
r  is  pumped  out  by  means  of  the  air-pump,  the  hemispheres 
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cannot  be  separated  without  a  powerful  efibrt;  and  as  thia 
whatever  position  they  are  held,  it  follows  that  the  atmospht 
transmitted  in  all  directions. 


127 
is  the  case  in 


DETERMINATION  OF  THE  ATMOSPHERIC  PRESSURE.      BAROMET£rS. 

161.  TorrlaaWa  «xpatneat.— The  above  experiments  demonstrate  the 
existence'  of  the  atmospheric  pressure,  but  they  give  no  precise  indication 
as  to  its  amount.  The  following  experiment,  which  was  first  made,  in  1643, 
by  Torricelli,  a  pupil  of  Galileo,  gives  an  . 
exact  measure  of  the  weight  of  the  atmo- 

A  glass  tube  is  taken,  about  a  yard 
long  and  a  quarter  of  an  inch  internal 
diameter  (fig.  128).  It  is  sealed  at  one 
end,  and  is  quite  filled  with  mercury. 
The  aperture  C  being  closed  by  the 
thumb,  the  tube  is  inverted,  the  open  end 
placed  in  a  small  mercury  trough,  «.nd 
the  thumb  removed.  The  tube  being  in 
1  vertical  position,  (he  column  of  mercury 
units,  and,  after  oscillating  some  time,  it 
finally  comes  to  rest  at  a  height  A,  which 
M  the  level  of  the  sea  is  about  30  inches 
above  the  mercury  in  the  trough.  The 
mcmry  is  raised  in  the  tube  by  the 
pnssuie  of  the  atmosphere  on  the  mer- 
oiy  in  the  trough.  There  is  no  contrary 
pressure  on  the  mercury  in  the  tube, 
because  it  is  closed  ;  but  if  the  end  ol 
<He  lube  be  opened,  the  atmosphere  will 
press  equally  inside  and  outside  the  tube, 
Md  the  mercury  will  sink  to  the  level  of 
'lilt  in  the  trough.  It  has  been  shown  in 
hydrostatics  (107)  that  the  heights  of 
'■0  columns  of  liquid  in  communication 
•iih  each   other  are  inversely  as  their  ^'»t-  "^■ 

■ioiiities,  and  hence  it  follows  that  the  pressure  of  the  atmosphere  is  equal 
lothit  of  a  column  of  mercury,  the  height  of  which  is  30  inches.  If,  however, 
'he  weight  of  the  atmosphere  diminishes,  the  height  of  the  column  which  ii 
Un  sustain  must  also  diminish. 

I&:.  Vaaaal'B  eaperlmsnta.^Pascal,  who  wished  to  ascertain  whether 
the  force  which  sustained  the  mercury  in  the  lube  was  really  the  pressure  of 
'he  atmosphere,  made  the  following  experiments,  (i.)  If  it  were  thecase,thc 
rolumn  of  mercury  ought  to  descend  in  proportion  as  we  ascend  in  the 
"moiphere.  He  accordingly  requested  one  of  his  relatives  to  repeat 
Torritellj's  experiment  on  the  summit  of  the  Puy  de  Dflme  in  Auvcrgne. 
Thii  was  done,  and  it  was  found  that  the  mercurial  column  was  about  3 
inches  lower,  thus  proving  (hat   it   is  really   the  weight  of  the  atmosphere 
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which  supports  the  mercury,  since,  when  this  weight  diminishes,  the  height 
of  the  column  also  diminishes,  (ii.)  Pascal  repeated  Torricelli's  experiment 
at  Rouen,  in  1646,  with  other  liquids.  He  took  a  tube  closed  at  one  endy 
nearly  50  feet  long,  and,  having  filled  it  with  water,  placed  it  vertically  in  a 
vessel  of  water,  and  found  that  the  water  stood  in  the  tube  at  a  height  of 
34  feet ;  that  is,  13*6  times  as  high  as  mercury.  But  since  mercury  is  13*6 
times  as  heavy  as  water,  the  weight  of  the  column  of  water  was  exactly 
equal  to  that  of  a  column  of  mercury  in  Torricelli's  experiment,  and  it  was 
consequently  the  same  force,  the  pressure  of  the  atmosphere,  which  succes- 
sively supported  the  two  liquids.  Pascal's  other  experiments  with  oil  and 
with  wine  gave  similar  results. 

163.  JLmouBt  of  tlie  atmosplfterio  preraare. — Let  us  assume  that  tbe 
tube  in  the  above  experiment  is  a  cylinder,  the  section  of  which  is  equal  to  a 
square  inch  ;  then,  since  the  height  of  the  mercurial  column  in  round  numbers 
is  30  inches,  the  column  will  contain  30  cubic  inches  ;  and  as  a  cubic  inch  of 
mercury  weighs  3433*5  grains « 0*49  of  a  pound,  the  pressure  of  such  a 
column  on  a  square  inch  of  surface  is  equal  to  147  pounds.  In  round 
numbers  the  pressure  of  the  atmosphere  is  taken  at  1 5  pounds  on  the  square 
inch.  A  surface  of  a  foot  square  contains  144  square  inches,  and  therefore 
the  pressure  upon  it  is  equal  to  2,160  pounds,  or  nearly  a  ton.  Expressed  in 
the  metrical  system,  the  standard  atmospheric  pressure  at  o^  and  the  sea- 
level  is  760  millimetres,  which  is  equal  to  29*9217  inches ;  and  a  calcula- 
tion similar  to  the  above  shows  that  the  pressure  on  a  square  centimetre  is 
- 1  -03296  kilogramme. 

A  gas  or  liquid  which  acts  in  such  a  manner  that  a  square  inch  of  surface 
is  exposed  to  a  pressure  of  1 5  pounds,  is  called  a  pressure  of  one  atmosphere. 
If,  for  instance,  the  .elastic  force  of  the  steam  of  a  boiler  is  so  great  that 
each  square  inch  of  the  internal  surface  is  exposed  to  a  pressure  of  90  pounds 
( 16  X  15),  we  say  it  is  under  a  pressure  of  six  atmospheres. 

The  surface  of  the  body  of  a  man  of  middle  size  is  about  16  square  feet ; 
the  pressure,  therefore,  which  a  man  supports  on  the  surface  of  his  body  is 
35,560  pounds,  or  nearly  16  tons.  Such  an  enormous  pressure  might  seem 
impossible  to  be  borne  ;  but  it  must  be  remembered  that,  in  all  directions, 
there  are  equal  and  contrary  pressures  which  counterbalance  one  another. 
'  It  might  also  be  supposed  that  the  effect  of  this  force,  acting  in  all  directions, 
would  be  to  press  the  body  together  and  crush  it.  But  the  solid  parts  of  the 
skeleton  could  resist  a  far  greater  pressure ;  and  as  to  the  air  and  liquids 
contained  in  the  organs  and  vessels,  the  air  has  the  same  density  as  the 
external  air,  and  cannot  be  further  compressed  by  the  atmospheric  pressure  ; 
and  from  what  has  been  said  about  liquids  (97),  it  is  clear  that  they  are 
virtually  incompressible.  When  the  external  pressure  is  removed  from  any 
part  of  the  body,  either  by  means  of  a  cupping  vessel  or  by  the  air-pump, 
the  pressure  from  within  is  seen  by  the  distension  of  the  surface. 

164.  Blfferent  kinds  of  barometers. — The  instruments  used  for 
measuring  the  atmospheric  pressure  are  called  barometers.  In  ordinary 
barometers  the  pressure  is  measured  by  the  height  of  a  column  of  mercury, 
as  in  Torricelli's  experiment :  the  barometers  which  we  are  about  to  describe 
are  of  this  kind.  But  there  are  barometers  without  any  liquid,  one  of  which, 
the  aneroid  (187),  is  remarkable  for  its  simplicity  and  portability. 
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165,  Olataiv  b«i««i*twr.— The  cistern  barometer  consists  of  a  straight 
•lass  tub«  closed  at  one  end,  about  33  inches  long,  tilled  with  merxnjry,  and 
liiqriDg  into  a  cistern  containing  the  same  metal.  In  order  to  render  the 
Mrometer  more  portable,  and  the  variations  of  the  level  in  the  cistern  less 
perceptible  when  the  mercury  rises  or  falls  in  the  tube,  several  different 
lonns  have  been  constructed.  Fig.  129  represents  one  form  of  the  cistern 
barometer.     The  apparatus  is  fixed  to  a  mahogany  stand,  on  the  upper  part 
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"("■Iiich  there  is  a  scale  graduated  in  millimetres  or  inches  from  the  level 
■^iht  mercury  in  the  cistern:  a  movable, index,  i,  shows  on  the  scale  the 
levtt  of  ihe  mercur>-.  A  thermometer  on  one  side  of  the  lube  indicates  the 
lemperature. 

There  is  one  fault  to  which  this  barometer  is  liable,  in  common  with  all 

mhers  »f  the  same  kind.    The  icro  of  the  scale  dues  not  always  correspond 

">  the  level  of  the  mercury  in  the  cistern.     For,  as  the  atmospheric  pressure 

^  niii  always  the  same,  the  height  of  the  mercurial  column  varies  ;  some- 

"3 
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times  mercury  is  forced  from  the  cistern  into  the  tube,  and  sometimes  from 
the  tube  into  the  cistern,  so  that,  in  the  majority  of  cases,  the  graduation  of 
the  barometer  does  not  indicate  the  true  height.  If  the  diameter  of  the 
cistern  is  large,  relatively  to  that  of  the  tube,  the  error  from  this  source  is 
lessened.  The  height  of  the  barometer  is  the  distance  between  the  levels  of 
the  mercury  in  the  tube  and  in  the  cistern.  Hence  the  barometer  should 
always  be  perfectly  vertical,  for  if  not,  the  tube  being  inclined,  the  column 
of  mercury  is  elongated  (fig.  130),  and  the  number  read  off  on  the  scale  is 
too  great.  As  the  pressure  which  the  mercury  exerts  by  its  weight  at  the 
base  of  the  tube  is  independent  of  the  form  of  the  tube  and  of  its  diameter 
(1 01),  provided  it  is  not  capillary,  the  height  of  the  barometer  is  independent 
of  the  diameter  of  the  tube  and  of  its  shape,  but  is  inversely  as  the  density 
of  the  liquid.  With  mercury  the  mean  height  at  the  level  of  the  sea  is  29*92, 
or  in  round  numbers  30,  inches  ;  in  a  water  barometer  it  would  be  about  34 
feet,  or  10*33  metres. 

The  *  Philosophical  Magazine,'  vol.  xxx.  Fourth  Series,  page  349,  contains 
a  detailed  account  of  a  method  of  constructing  a  water  barometer. 

166.  rortin*B  barometer. — Fortin^s' barometer  differs  in  the  shape  of 
the  cistern  from  that  just  described.  The  base  of  the  cistern  is  made  of 
leather,  and  can  be  raised  or  lowered  by  means  of  a  screw ;  this  has  the 
advantage  that  a  constant  level  can  be  obtained,  and  also  that  the  instru- 
ment is  made  more  portable.  For,  in  travelling,  it  is  only  necessary  to 
raise  the  leather  until  the  mercur>',  which  rises  with  it,  quite  fills  the  cistern  ; 
the  barometer  may  then  be  inclined,  and  even  inverted,  without  any  fear 
that  a  bubble  of  air  may  enter,  or  that  the  shock  of  the  mercury  may  crack 
the  tube. 

Fig.  131  represents  the  arrangement  of  the  barometer,  the  tube  of  which 
is  placed  in  a  brass  case.  At  the  top  of  this  case  there  are  two  longitudinal 
apertures,  on  opposite  sides,  so  that  the  level  of  the  mercury,  B,  is  seen. 
The  scale  on  the  case  is  graduated  in  millimetres.  An  index  A,  moved  by 
the  hand,  gives,  by  means  of  a  vernier,  the  height  of  the  mercury  to  ^th  of  a 
millimetre.  At  the  bottom  of  the  case  there  is  a  cistern  ^,  containing 
mercury,  o. 

Fig.  132  shows  the  details  of  the  cistern  on  a  larger  scale.  It  consists  of 
a  glass  cylinder  ^,  through  which  the  mercury  can  be  seen  ;  this  is  closed  at 
the  top  by  a  box-wood  disc  fitted  on  the  under  surface  of  the  brass  cover  M. 
Through  this  passes  the  barometer  tube  E,  which  is  drawn  out  at  the  end, 
and  dips  in  the  mercury  ;  the  cistern  and  the  tube  are  connected  by  a  piece 
of  buckskin  ct\  which  is  firmly  tied  at  r  to  a  contraction  in  the  tube,  and  at  e 
to  a  brass  tubulure  in  the  cover  of  the  cistern.  This  mode  of  closing 
prevents  the  mercur}'  from  escaping  when  the  barometer  is  inverted,  while 
the  pores  of  the  leather  transmit  the  atmospheric  pressure.  The  bottom  of 
the  cylinder  b  is  cemented  on  a  box-wood  cylinder  rr,  on  a  contraction  in 
which, ;/,  is  firmly  tied  the  buckskin  ;//«,  which  forms  the  base  of  the  cistern. 
On  this  skin  is  fastened  a  wooden  button  x^  which  rests  against  the  end  of 
a  screw  C.  According  as  this  is  turned  in  one  direction  or  the  other,  the 
skin  /;///  is  raised  or  lowered,  and  with  it  the  mercury.  In  using  this  baro- 
meter the  mercury  is  first  made  exactly  level  with  the  point  a,  which  is 
effected  by  turning  the  screw  C  either  in  one  direction  or  the  other.     The 


graduation  of  the  scale  is  counted  from  this  point  n,  and  thus  the  dista 
nf   ihc  lop   B   of  the  column  of  mercury  from  a  gives  the  height  of  the 
barumeter.     The  bottom  of  the  cistern  is  surrounded  by  a  brass  case,  which 
b  listened  to  the  cover  M  by  screws,  it,  it,  it.    We  have  already  seen  (r65) 
ihe  importance  of  having  the  barometer  quite  vertical,  which  is  eflected  by    ■ 
the  foliowimj  plan,  known  as  Cardan's  susfiiHsion. 

The  metal  case  containing  the  barometer  is  tilled  in  a  copper  sheath  X 


;.  ■33).    ThU 


•  provided  with  two  axles  (only  o; 


by  iwo  screws 
of  which,  0,  is  seen  m  tiie 
fiKUre),  which  turn  freely  in 
two  holes  in  a  ring  V.  In 
■  direction  at  right  angles 
in  that  of  ihe  axles,  ca,  the 
ring  has  also  two  similar 
mIcs,  m  and  n,  resting  on  a 
iupport  Z.  By  means  of 
ihis  double  suspension  the 
barometer  can  oscillate 
freely  about   the  axes,  mn 

right  angles  to  each  other. 

But  U  care   is   taken   that 

ibc  point   at    which    these 

am  cross    corresponds    to 

the  tube  itself,  the  centre  of 

jtavity  of  the  system,  which 

itiusi  always  be  tower  than 

ibe  axis   of   suspension,   is 

below   the    point   of  inter- 

Hcliun,  and   the   barometer 
"  then  perfectly  vertical. 

167.  0«]r>KnsBKG'B  sr- 
Ikw  bsromaier. — The  sy- 
phon barometer  is  a  bent 
Clau  lube,  one  of  Ihe 
bf»Bche»  of  which  is  much 
iofigtr  iban  the  olher.  The 
Iwigw    branch,    which    is  "^'  ''^'  "^^  '"" 

tJoied  al  the  top,  is  filled  with  mercury  as  in  the  cistern  barometer,  while 
Ihc  ihorter  branch,  which  is  open,  serves  as  a  cistern,  The  difference  Iie- 
l«te(i  the  two  levels  is  the  height  of  the  barometer. 

i"\g,.  134  represents  the  syphon  barometer  as  modified  by  Gay-Lussac, 
In  order  10  render  it  more  available  for  travelling  by  preventing  the  entrance 
0(  ait,  he  joined  the  two  branches  by  a  capillary  tube  (fig.  135)  ;  when  the  | 
iwroment  is  inverted  (lig.  136)  the  tube  always  remains  full  in  virtue  of  its 
upilUrity,  and  air  cannot  penetrate  into  the  longer  branch.  A  sudden 
•luitk.  however,  might  separate  ihe  mercury  and  admit  some  air,  To  avoid 
tbii,  Ilunlen  introduced  an  ingenious  modification  into  the  apparatus. 
The  ioBgcr  branch  is  drawn  out  10  a  tine  point,  and  is  joined  10  a  tube  B  of 
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the  form  represented  in  fig.  137.  ThisaiTangementfonn5anai>-j>u^;  forifair 
passes  through  the  capillary  tube  it  cannot  penetrate  the  drawn-out  eictremitjr 
of  the  longer  branch,  but  lodges  in  the  upper  part  of  the  enlargentent  B. 
In  this  position  it  does  not  affect  the  observations,  since  the  vacuum  is  always 
at  the  upper  part  of  the  tube  ;  it  is,  moreover,  easily  removed. 

In  Gay-Lussads  barometer  the  shorter  branch  is  closed,  but  there  is  ft 
capillary  aperture  in  the  side  i,  through  which  the  atmo- 
spheric pressure  is  transmitted. 

The  barometric  height  is  detennined  by  means  of  two 
scales,  which  have  a  common  zero  at  O,  towards  the 
middle  of  the  longer  branch,  and  are  graduated  in  con- 
trary directions,  the  one  from  O  to  E,  and  the  other  from 
O  to  B,  either  on  the  tube  itself,  or  on  brass  rules  fixed 
parallel  to  the  tube.    Two  sliding  verniers,  m  and  h. 


\ 


I 


Fig.  I 


indicate  tenths  of  a  millimetre.     The  total  height  of  the  barometer,  AI(,  is 
the  sum  of  the  distances  from  O  to  A  and  from  O  to  B. 

i63.  rr«Matlons  In  rer«r«DO«  to  barametars. — In  constructing  baro- 
meters mercur>'  is  chosen  in  preference  10  any  other  liquid  ;  for,  being  the 
densest  of  all  liquids,  it  stands  at  the  least  height.  When  the  mercurial 
barometer  stands  at  30  inches,  the  water  barometer  would  stand  at  about 
34  feet  (165).     It  also  deserves  preference  because  it  does  not  it 
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glass.  It  is  necessary  that  the  mercury  be  pure  and  free  from  oxide,  other- 
wise it  adheres  to  the  glass  and  tarnishes  it.  Moreover,  if  it  is  impure  its 
density  is  changed,  and  the  height  of  the  barometer  is  too  great  or  loo  small. 
Mercury  is  purified,  before  being  used  for  barometers,  by  treatment  with 
dilute  nitric  acid,  and  by  distillation. 

The  space  at  the  top  of  the  lube  (tigs.  129  and  134),  which  is  called  the 
Tarriiellian  vacuum,  must  be  quite  free  from  air  and  from  aqueous  vapour, 
for  otherwise  either  would  depress  the  mercurial  column  by  its  elastic  force. 
To  obtain  this  result,  a  small  quantity  of  pure  mercury  is  placed  in  the  lube 
utd  boiled  for  some  time.  It  is  then  allowed  to  cool,  and  a  farther  quantity, 
previously  wanned,  added,  which  is  boiled,  and  so  on,  until  the  tube  is  quite 
hll ;  in  this  nianner  the  moisture  and  the  air  which  adhere  10  the  sides  of  the 
lube  (193)  pass  off  with  the  mercurial  vapour.  A  barometer  tube  should  not 
be  100  narrow,  for  otherwise  the  mercury  is  moved  with  difficulty  ;  and  before 
leading  off,  the  barometer  should  be  tapped  so  as  to  get  rid  of  the  adhesion 


9  inclined,  the 


Wtheg 

A  barometer  is  free  from  a 

■nercury  strikes  with  a  sharp  metallic  sound  against  the  lop 

of  the  tube.     If  there  is  air  or  moisture  in  it,  the  sound  is 

leadened. 

169.  OaiTaotl«n  (M  e«plli)u1tjr, — In  cistern  barometers 
IIkr  is  always  a  certain  depression  of  the  mercurial  colui 
"lue  to  capillarity,  unless  the  internal  diameter  of  the  tube 
"cttds  08  inch.  To  make  the  correction  due  to  this 
depression,  it  is  not  enough  10  know  the  diameter  of  the 
lubt ;  we  must  also  know  the  height  of  the  meniscus  od  (lig. 
138),  which   varies   according   as  the   meniscus   has   been  "*'  ^'°' 

foTDted  during  an  ascending  or  descending  motion  of  the  mercury  in  the 
tube  Consequently  the  height  of  the  meniscus  must  be  determined  by 
bringing  the  pointer  to  the  level  ab,  and  then  to  the  level  d,  when  the  differ- 
rate  of  the  readings  will  give  the  height  od  required.  These  two  terms — 
Mmdy,  the  internal  diameter  of  the  lube  and  the  height  of  ihe  meniscus— 
Wng  known,  the  resulting  correction  can  be  taken  out  of  the  following 
table: 
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0004S 
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00095 
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0-0948! 
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In  Gay-Lussac's  barometer  Ihe  two  lubes  1 
u  that  the  error  caused  by  the  depression  in 


e  made  of  the  same  diameici 
he  one  tube  very  nearly  cor 
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rects  that  caused  by  the  depression  in  the  other.  As,  however,  the  meniscus 
in  the  one  tube  is  formed  by  a  column  of  mercury  with  an  ascending  motion, 
while  that  in  the  other  is  formed  by  a  column  with  a  descending  motion,  their 
heights  will  not  be  the  same,  and  the  reciprocal  correction  will  not  be  quite 
exact. 

170.  OorreotioB  for  temperatare. — I  nail  observations  with  barometers, 
whatever  be  their  construction,  a  correction  must  be  made  for  temperature. 
Mercury  contracts  and  expands  with  different  temperatures,  hence  its 
density  changes,  and  consequemtly  the  barometric  height,  for  this  height  is 
inversely  as  the  density  of  the  mercury,  so  that  for  different  atmospheric 
pressures  the  mercurial  column  might  have  the  same  height  Accordingly, 
in  each  observation  the  height  observed  must  be  reduced  to  a  determinate 
temperature.  The  choice  of  this  is  quite  arbitrary,  but  that  of  melting  ice  is 
always  adopted  in  practice.  It  will  be  seen,  in  the  Book  on  Heat,  how  this 
correction  is  made. 

171.  Variattons  In  tlie  belirl&t  of  tlie  barometer. — When  the  barometer 
is  observed  for  several  days,  its  height  is  found  to  vary  in  the  same  place, 
not  only  from  one  day  to  another,  but  also  during  the  same  day. 

The  extent  of  these  variations— that  is,  the  difference  between  the  greatest 
and  the  least  height — is  different  in  different  places.  It  increases  from  the 
equator  towards  the  poles.  Except  under  extraordinary  circumstances,  the 
greatest  variations  do  not  exceed  six  millimetres  under  the  equator,  30  under 
the  tropic  of  Cancer,  40  in  France,  and  60  at  25  degrees  from  the  pole.  The 
greatest  variations  are  observed  in  winter. 

The  mean  daily  height  is  the  height  obtained  by  dividing  the  sum  of  24 
successive  hourly  observations  by  24.  In  our  latitudes  the  barometric  height 
at  noon  corresponds  to  the  mean  daily  height. 

The  mean  monthly  height  is  obtained  by  adding  together  the  mean  daily 
heights  for  a  month,  and  dividing  by  30.  The  mean  yearly  height  is  simi- 
larly obtained. 

Under  the  equator,  the  mean  annual  height  at  the  level  of  the  sea  is 
o"»758,  or  29*84  inches.  It  increases  from  the  equator,  and  between  the 
latitudes  30°  and  40°  it  attains  a  maximum  of  o"»763,  or  30*04  inches.  In 
lower  latitudes  it  decreases,  and  in  Paris  it  does  not  exceed  o"*7568. 

The  general  mean  at  the  level  of  the  sea  is  o'°*76i,  or  29*96  inches. 

The  mean  monthly  height  is  greater  in  winter  than  in  summer,  in  conse- 
quence of  the  cooler  atmosphere. 

Two  kinds  of  variations  are  obser\'ed  in  the  barometer: — 1st,  the  acci- 
dental variations,  which  present  no  regularity  ;  they  depend  on  the  seasons, 
the  direction  of  the  winds,  and  the  geographical  position,  and  are  common 
in  our  climates  ;  2nd,  the  daily  variations^  which  are  produced  periodically 
at  certain  hours  of  the  day. 

\i  the  equator,  and  between  the  tropics,  no  accidental  variations  are 
obser\ed  ;  but  the  daily  variations  take  place  with  such  regularity  that  a 
barometer  may  serve  to  a  certain  extent  as  a  clock.  The  barometer  sinks 
from  midday  till  towards  four  oVlock  ;  it  then  rises,  and  reaches  its  maximum 
at  about  ten  o'clock  in  the  evening.  It  then  again  sinks,  and  reaches  a 
second  minimum  towards  four  o'clock  in  the  morning,  and  a  second  maxi- 
mum at  ten  o'clock.     In  the  temperate  zones  there  are  also  daily  variations, 
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but  they  are  detected  with  difficulty,  since  they  occur  in  conjunction  with 
accidental  variations. 

The  hours  of  the  maxima  and  minima  appear  to  be  the  same  in  all 
climates,  whatever  be  the  latitude  ;  they  merely  vary  a  little  with  the  seasons. 

172.  Causes  of  barometrto  Tarlattons. — It  is  obser^'ed  that  the  course 
of  the  barometer  is  generally  in  the  opposite  direction  to  that  of  the  thermo- 
meter ;  that  is,  that  when  the  temperature  rises,  the  barometer  falls,  and  vice 
vtrsd  ;  which  indicates  that  the  barometric  variations  at  any  given  place  are 
produced  by  the  expansion  or  contraction  of  the  air,  and  therefore  by  its 
change  in  density.     If  the  temperature  were  the  same  throughout  the  whole 
extent  of  the  atmosphere,  no  currents  would  be  produced,  and,  at  the  same 
height,  atmospheric  pressure  would  be  everywhere  the  same.     But  when 
any  portion  of  the  atmosphere  becomes  warmer  than  the  neighbouring  parts, 
its  specific  gravity  is  diminished,  and  it   rises  and  passes  away  through 
the  upper  regions  of  the  atmosphere,  whence  it  follows  that  the  pressure 
is  diminished,  and  the  barometer  falls.     If  any  portion  of  the  atmosphere 
retains  its  temperature,  while  the  neighbouring  parts  become  cooler,  the  same 
effect  is  produced ;  for  in  this  case,  too,  the  density  of  the  first-mentioned 
portion  is  less  than  that  of  the  others.     Hence,  also,  it  usually  happens  that 
an  extraordinary  fall  of  the  barometer  at  one  place  is  counterbalanced  by  an 
extraordinary  rise  at  another  place.     The  daily  variations  appear  to  result 
from  the  expansions  and  contractions  which  are  periodically  produced  in 
the  atmosphere  by  the  heat  of  the  sun  during  the  rotation  of  the  earth. 

1 73.  Kelatloii  of  barometrto  ▼ariatioae  to  tbe  state  of  the  weatber. — 
It  has  been  observed  that,  in  our  climate,  the  barometer  in  fine  weather  is 
generally  above  30  inches,  and  is  below  this  point  when  there  is  rain,  snow, 
wind,  or  storm  ;  and  also,  that  for  any  given  number  of  days  at  which  the 
barometer  stands  at  30  inches,  there  are  as  many  fine  as  rainy  days.  From 
this  coincidence  between  the  height  of  the  barometer  and  the  state  of  the 
weather,  the  following  indications  have  been  marked  on  the  barometer, 
counting  by  thirds  of  an  inch  above  and  below  30  inches  : — 


Height 

State  of  the  weather 

31  inches 

Very  dry. 

30§     ,1    • 

Settled  weather 

304       M       . 

Fine  weather. 

30      ,,    . 

Variable. 

29§      M      • 

.     Rain  or  wind. 

29i    n    . 

.     Much  rain. 

29      ,1    . 

.     Tempest. 

In  using  the  barometer  as  an  indicator  of  the  state  of  the  weather,  we 
must  not  forget  that  it  really  only  serves  to  measure  the  weight  of  the  atmo- 
sphere, and  that  it  only  rises  or  falls  as  the  weight  increases  or  diminishes  ; 
and  although  a  change  of  weather  frequently  coincides  with  a  change  in  the 
pressure,  they  are  not  necessarily  connected.  This  coincidence  arises  from 
meteorological  conditions  peculiar  to  our  climate,  and  does  not  occur  every- 
where. That  a  fall  in  the  barometer  usually  precedes  rain  in  our  latitudes,  is 
caused  by  the  position  of  Europe.  The  prevailing  winds  here  are  the  south- 
west and  noith-east.     The  former,  coming  to  us  from  the  equatorial  regions. 
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are  warmer  and  lighter.  They  often,  therefore,  blow  for  hours  or  even  days 
in  the  higher  regions  of  the  atmosphere  before  manifesting  themselves  on  the 
surface  of  the  earth.  The  air  is  therefore  lighter,  and  the  pressure  lower. 
Hence  a  fall  of  the  barometer  is  a  probable  indication  of  the  south-west 
winds,  which  gradually  extend  downwards,  and  reaching  us  after  having 
traversed  large  tracts  of  water  are  charged  with  moisture,  and  bring  us  rain. 

The  north-east  blows  simultaneously  above  and  below,  but  the  hindrances 
to  the  motion  of  the  current  on  the  earth,  by  hills,  forests,  and  houses,  cause 
the  upper  current  to  be  somewhat  in  advance  of  the  lower  ones,  though  not 
so  much  so  as  the  south-west  wind.  The  air  is  therefore  somewhat  heavier 
even  before  we  perceive  the  north-east,  and  a  rise  of  the  barometer  affords  a 
forecast  of  the  occurrence  of  this  wind,  which,  as  it  reaches  us  after  having 
passed  over  the  immense  tracts  of  dry  land  in  Central  and  Northern  Europe,- 
is  mostly  dry  and  fine. 

When  the  barometer  rises  or  sinks  slowly,  that  is,  for  two  or  three  days, 
towards  fine  weather  or  towards  rain,  it  has  been  found  from  a  g^at  number 
of  observations  that  the  indications  are  then  extremely  probable.  Sudden 
variations  in  either  direction  indicate  bad  weather  or  wind. 

1 74.  "Wlieel  barometer. — The  wheel  barometer^  which  was  invented  by 
Hooke,  is  a  syphon  barometer,  and  is  especially  intended  to  indicate  good 

and  bad  weather  (fig.  139).  In  the  shorter  leg  of  the 
syphon  there  is  a  float  which  rises  and  falls  with 
the  mercury.  A  string  attached  to  this  float  passes 
round  a  pulley,  and  at  the  other  end  there  is  a 
weight,  somewhat  lighter  than  the  float.  A  needle 
fixed  to  the  pulley  moves  round  a  graduated  circle, 
on  which  is  marked  stormy^  rain^  set  fair^  &c. 
When  the  pressure  varies  the  float  sinks  or  rises,  and 
moves  the  needle  round  to  the  corresponding  points 
on  the  scale. 

The  barometers  ordinarily  met  with  in  houses,  and 
which  are  called  weather-glasses^  are  of  this  kind.  They 
arc,  however,  of  little  use,  for  two  reasons.  The  first  is, 
that  they  are  neither  very  delicate  nor  very  accurate  in 
their  indications.  The  second,  which  applies  equally 
to  all  barometers,  is  that  those  commonly  in  use  in  this 
country  are  made  in  London,  and  the  indications,  if 
they  are  of  any  value,  are  only  so  for  a  place  of  the 
s.ime  level  and  of  the  same  climatic  conditions  as 
London.  Thus  a  barometer  standing  at  a  certain 
height  in  London  would  indicate  a  certain  state  of 
weather,  but  if  removed  to  Shooter's  Hill  it  would 
stand  half  an  inch  lower,  and  would  indicate  a  different  state  of  weather. 
As  the  pressure  differs  with  the  level  and  with  geographical  conditions,  it 
is  necessary  to  take  these  into  account  if  exact  data  are  wanted. 

175.  rized  barometer. —For  accurate  observations  Regnault  uses  a 
barometer  the  height  of  which  he  measures  by  means  of  a  catheto- 
meter  (88).  The  cistern  (fig.  140)  is  of  cast  iron;  against  the  frame 
on  which   it  is  supported   a  screw   is   fitted,   which   is  pointed    at  both 
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ends,  and  the  length  of  which  has  been  dciermined,  once  for  atl,  by  the 
cathetomeicr.  To  measure  ihe  barometric  height,  the  screw  is  turned  until 
its  point  grates  the  surface  of  the  inercur)*  in  the  baih,  which  is  the  case 
when  Ihc  point  and  its  image  are  in  contact.     The  distance  then  from  the 

top  of  the  point  to  the  level  of  the  mercui^'  in  the      

mbe  b  is  measured  by  the  catheto meter,  and  this,  to- 
gether with  the  length  of  the  screw,  gives  the  baro- 
tnetric  height  with  great  accuracy.  This  barometer 
has,  moreover,  the  advantage  that,  as  a  tube  an  inch  in 
duuneter  may  be  used,  the  influence  of  capillarity  be- 
comes inappreciable.  lis  construction,  moreover,  is 
icry  simple,  and  the  position  of  the  scale  leads  to  no 
land  of  error,  since  this  is  transferred  to  the  calheto- 
meter.  Unfortunately  the  latter  instrument  requires 
gieat  accuracy  in  its  construction,  and  is  expensive. 

176.  MyoarlBB  likroDMtsr. — Jordan  has  recently 
nmnniclcd  a  barometer  in  which  the  liquid  used  is 
pore  glycerine  This  has  the  specific  gravity  1-26, 
>iid  therefore  the  length  of  the  column  of  liquid  is 
niher  more  than  ten  limes  that  of  mercury  ;  hence 
wall  alterations  in  the  atmospheric  pressure  produce 
Qniiderable  oscillations  in  the  height  of  the  liquid. 
Thetabe  consists  of  ordinary  composition  gas  tubing 
■l>Mt  t  of  an  inch  in  diameter  and  23  feet  or  so  in 
Ittgth ;  the  lower  end  is  open  and  dips  in  the  cistern, 
■luch  may  be  placed  in  a  cellar  ;  the  top  is  sealed  to 
t  dosed  glass  tube  an  inch  in  diameter,  in  which  the 
'wtiaiions  of  the  column  are  observed.  This  may 
btUTanged  in  an  upper  storey,  and  the  tubing,  being 
*u>l]r  bent,  lends  itself  to  any  adjustment  which  the 
J*a]iiy  requirei. 

The  vapour  of  glycerine  has  very  low  tension  at 
MdiDary  temperatures,  and  is  therefore  not  so  exposed 
<<>  inch  back  pressures,  varying  with  the  temperature, 
*)  is  water.  On  the  other  hand,  it  readily  attracts 
'noinurc  from  the  air,  whereby  the  density  and  there- 
•ilh  the  height  of  the  liquid  column  vary.    This  is  !■«■  ■<> 

ptvenicd  by  covering  the  liquid  in  the  cistern  with  a 
I'Jtr  of  parafiine  oiL 

■77.  Mu7(bana'  b«rometer.— The  desire  to  amplify  the  small  v, 
■hidi  take  place  in  the  barometer  has  led  to  a  number  of  contrivances,  one 
of  the  best  known  of  which  was  invented  by  Huyghens  (fig.  141). 

The  barometer  tube  a  is  wider  at  the  closed  end  b,  and  also  at  c,  where 
*  liquid  of  smaller  specific  gravity  than  mercury,  such  as  coloured  water, 
"  poured  on  the  mercury  ;  it  fills  the  rest  of  the  tube  c  and  a  portion  of  d. 

Suppose  &  and  c  to  have  the  same  diameter,  which  is  n  times  that  of  d. 
^'HKn  the  column  of  mercury  in  b  sinks  through  x  millimetres,  the  level  of 
t^  mciniry  in  c  rises  just  as  much,  while  the  coloured  liquid  rises  nx  milli- 
•Wire*,  and  therefore  its  level  is  («-i)j  millimetres  higher.    A  column  (rf 
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this  liquid  {n~i)xm  height  has  the  same  pressure  as  a  column  of  mercury 
jw  — i>j_  -^  height,  where  s  is  the  number  expressing  the  ratio  of  the  specific 


gravities  of  mercury  and  the  liquid. 

When,  therefore,  the  mercury  in 


•  sinks  X  millimetres, 


is  the  height  of  the  column  of  mercurj'  which  corresponds  to 
ihc  decrease  of  atmospheric  pressure.     From  this  we  have 

x=-^y 

Thus,  if  the  section  of  the  tubes  6  and  e  is  30  times  that 
of  d,  and  if  the  coloured  liquid  be  water,  we  have 


27-3t3o-i      46-2 


294r- 


When,  therefore,  an  ordinary  barometer  sinks  through 
y  millimetres,  the  mercury  in  b  sinks  o'394j'  millimetres, 
while  the  coloured  liquid  rises  20  ■  0-294^  -  S'SSy.  When- 
ever, that  is,  an  ordinary  barometer  sinks  or  rises  1  milli- 
metre, the  coloured  liquid  rises  or  sinks  5*98  millimetres, 
or  nearly  six  times  as  much. 

Such  barometers  are  useful  in  cases  where  the  varia- 
lions  in  the  height  of  ihe  barometer,  rather  than  its  actual 
height,  arc  to  be  observed.     The  scale  should  be  placed 
behind  the  tube  1/,  and  two  points  fixed,  near  the  top  and 
bottom,  by  comparison  with  standard  barometers ;  the 
interval  between  the  two  is  then  suitably  divided. 
DetcrmlnKtlon  of  belfhta  by  tlia   bBromater. — Since  the  atmo- 
spheric pressure  decreases  as  we  ascend,  it  is  obvious  that  the  barometer 
will  keep  on  falling  as  it  is  taken  to  a  greater  and  greater  height. 
t"      On  this  depends  a  method  of  determining  the  difference  between  the 
heights  of  two  stations,  such  as  the  base  and  summit  of  a  mountain. 
The  method  may  be  explained  as  follows. 

According  to  Boyle's  taw  (180),  if  the  temperature  of  an  enclosed 
portion  of  air  continues  constant,  its  volume  will  vary  inversely  as 
the  pressure  ;  that  is  to  say,  if  we  double  the  pressure  we  shall  halve 
the  volume.  But  if  we  halve  the  volume  we  manifestly  double  the 
quantity  of  air  in  each  cubic  inch — that  is  to  say,  we  double  the 
density  of  the  air  ;  and  so  on  in  any  proportion.  Consequently  the 
law  is  equivalent  to  this  ; — Thai  for  a  coitslanl  Umperature  iht  density 
of  air  is  proportional  to  the  pressure  tvhich  it  sustains. 

Now  suppose  A  and  U  (fig.  142)  to  represent  two  stations,  and  that 

it  is  required  to  determine  the  vertical  height  of  B  above  A,  it  being 

P;    ,^j  borne  in  mind  that  A  and  B  are  not  necessarily  in  the  same  vertical 

line.     Take  P,  any  point  in  AB,  and  Q,  a  pioint  at  a  small  distance 

above  P.     Suppose  the  pressure  on  a  square  inch  of  the  atmosphere  at  P  to 

be  denoted  byj^,  and  at  Q  let  it  be  diminished  by  a  quantity  denoted  by  dp. 
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It  is  clear  that  this  diminution  equals  the  weight  of  the  column  of  air  between 
P  and  Q,  whose  section  is  one  square  inch.  But,  since  the  density  of  the 
air  is  directly  proportional  to  /,  the  weight  of  a  cubic  inch  of  air  will  equal 
kgpy  where  k  denotes  a  certain  quantity  to  be  determined  presently,  and  g 
the  accelerating  force  of  gravity  (79).  Hence,  if  we  denote  PQ  in  inches  by 
dxy  the  pressure  will  be  diminished  by  kpg  .  dx^  and  we  may  represent  this 
algebraically  by  the  equation 

kpg ,  dx^dp. 

By  a  certain  algebraical  process  this  leads  to  the  conclusion  that 

p 
^^X-log~» 

where  X  denotes  the  height  of  AB,  and  P  and  Pj  the  atmospheric  pressures 
at  A  and  B  respectively,  the  logarithms  being  what  are  called  <  Napierian 
loj^thms.'  Now,  if  H  and  Hj  are  the  heights  of  the  barometer  at  A  and 
B  respectively,  the  temperature  of  the  mercury  being  the  same  at  both  sta- 
tions, their  ratio  equals  that  of  P  to  P„  and  therefore 

It  remains  to  determine  k  and  g. 

(i)  Since  the  force  of  gravity  is  different  for  places  in  different  latitudes, 
I  will  depend  upon  the  latitude  (82).  It  is  found  that  if  ^  is  the  accelerating 
force  of  gravity  in  latitude  ^,  andythat  force  in  latitude  45°,  then 

I  -I- 000256  cos  2  0' 

where/ has  a  definite  numerical  value. 

(2)  If  <r  is  the  density  of  air  at  a  temperature  of/®  C,  under  Q,  the  pres- 
sure exerted  by  29*92  inches  of  mercury,  we  shall  have 

But  it  will  be  afterwards  shown  (332)  that  if  p^  is  the  density  of  air  under 
the  same  pressure  Q  at  0°  C,  we  shall  have 

^       I  +  «!/' 

*here  a  represents  the  coefficient  of  expansion  of  gases.     Therefore 

Now  if  o-  is  the  density  of  mercury,  and  if  the  latitude  is  45°,  we  shall 
have 

Q- 29-92.  af\ 
and  therefore 


kf^^J^  . 


29-92  (i  +«/) 

^ut  p^-irv  is  the  ratio  which  the  density  of  dry  air  at  a  temperature  o**  C, 
»n  latitude  45°,  under  a  pressure  of  2992  inches  of  mercury,  bears  to  the 
<lensity  of  mercury  at  o®  C.,  and  therefore  p^-^tr  is  a  determinate  number. 
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Substituting,  we  have 


<r  , . ..  , ^,„H 


P  - 29-92  in.  .  — (i  +  0*00256  cos  20) .  (i  +  ^  log  Q-, 

The  value  of  a  is  0*003665,  which  is  nearly  equal  to  ^}^.  If  we  substitute 
the  proper  values  for  cr-f-po,  and  change  the  logarithms  into  common  loga- 
rithms, and  instead  of  /  use  the  mean  of  T  and  T^,  the  temperatures  at  the 
upper  and  lower  stations,  it  will  be  found  that 

X  (in  feet)  =  60346  (i  +  0*00256  cos  20)  (i   +  ^^I"*" Ii^)  log  5-, 

\  1000     /  rlj 

which  is  La  Placets  barometric  formula.  In  using  it,  we  must  remember 
that  T  and  Tj  are  temperatures  on  the  Centigrade  thermometer,  and  that  H 
and  H,  are  the  heights  of  the  barometer  reduced  to  o**,C.  Thus  if  A  is  the 
measured  height  of  the  barometer  at  the  lower  station  we  have 

H=//fi  --.-^-X 
\        6500/ 

If  the  height  to  be  measured  is  not  great,  one  observer  is  enough.  For 
greater  heights  the  ascent  takes  some  time,  and  in  the  interval  the  pressure 
may  vary.  Consequently  in  this  case  there  must  be  two  observers,  one  at 
each  station,  who  make  simultaneous  observations. 

Let  us  take  the  following  example  of  the  above  formula  : — Suppose  that 
in  latitude  65°  N.  at  the  lower  of  the  two  stations  the  height  of  the  barometer 
were  30*025  inches,  and  the  temperature  of  air  and  mercury  17^*32  C,  while 
at  the  upper  the  height  of  the  barometer  was  28*230  inches,  and  the  tempera- 
ture of  air  and  mercury  were  io°*55  C.  What  is  the  height  of  the  upper 
station  above  the  lower  ? 

(i)  Find  H  and  H, :  viz. 

H«  30*025(1  --^^^-)  -29*945. 

H,  =  28.23o(i--g55)-28.i84. 

t_i 
Hence  log    ■-  «  i  "4763243  —  i  *4 500026  «  0*026321 7. 

(2)  Find  i+?ll^)viz.  1*05574. 

1000 

(3)  Find  I  +000256  cos  20. 

Since  0*00256  cos  I30°=»  -000256  cos  50°-  -0*001645, 

therefore  i  +000256  cos  20-  —0*998355. 

Hence  the  required  height  in  feet  equals 

60346  X  09983 5 5  X  1*05574  X  00063217 «  1674. 
If  H  and  Hj  do  not  greatly  differ,  the  Napierian  logarithm  of 

Hi       *'H  +  H,* 
If,  for  instance,  H  =  30  and  Hi  =  29  inches,  the  resulting  error  would  not 
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exceed  the  ^5  part  of  the  whole.    Accordingly  for  heights  not  exceeding 
2,000  ft.  we  may  without  much  error  use  the  formula 

X  (infeet)-525oo(  1+  ?nJLli})x":i^. 

\  1000    /     H  +  Hj 

179.  mnhlmann**  observations. — The  results  obtained  for  the  difference 
in  height  of  places  by  using  the  above  formula  often  differ  from  the  true 
heights  as  measured  trigonometrically,  to  an  extent  which  cannot  be  as- 
cribed to  errors  in  observation.  The  numbers  thus  found  for  the  heights 
of  places  are  influenced  by  the  time  of  day,  and  also  by  the  season  of  year, 
at  which  they  are  made.  Ruhlmann  has  investigated  the  cause  of  this 
discrepancy  by  a  series  of  direct  barometric  and  thermometric  observations 
made  at  two  different  stations  in  Saxony,  and  also  by  a  comparison  of  the 
continuous  series  of  observations  made  at  Geneva  and  on  the  St.  Bernard. 

Ruhlmann  has  ascertained  thus  that  the  cause  of  the  discrepancy  is  to  be 
found  in  the  fact  that  the  mean  of  the  temperatures  indicated  by  the  ther- 
mometer at  the  two  stations  is  not  an  accurate  measure  of  the  actual  mean 
temperature  of  the  column  of  air  between  the  two  stations,  a  condition 
which  is  assumed  in  the  above  formula.  The  variations  in  the  temperature 
of  the  column  of  air  are  not  of  the  same  extent  as  those  indicated  by  the 
thermometer,  nor  do  they  follow  them  so  rapidly  ;  they  drag  after  them  as 
it  were.  If  the  mean  monthly  temperatures  at  the  two  fixed  stations  are 
introduced  into  the  formula,  they  give  in  winter  heights  which  are  somewhat 
too  low,  and  in  summer  such  as  are  too  high.  The  results  obtained  by 
introducing  the  mean  yearly  temperature  of  the  two  stations  are  ver>'  near 
the  true  ones. 

This  influence  of  temperature  is  most  perceptible  in  individual  obser- 
vations of  low  heights.  Thus,  using  the  obser\ed  temperatures  in  the 
barometric  formula,  the  error  in  height  of  the  Uetliberg  above  Zurich  (about 
1,700  feet)  was  found  to  be  5^  of  the  total,  while  the  height  of  the  St.  Bernard 
above  Geneva  was  found  within  -^  of  the  true  height. 

The  reason  why  the  thermometers  do  not  indicate  the  true  temperature  of 
the  air  is  undoubtedly  that  they  are  too  much  influenced  by  radiation  from  the 
earth  and  surrounding  bodies.  The  earth  is  highly  absorbent,  and  becomes 
rapidly  heated  under  the  influence  of  the  sun's  rays,  and  becomes  as  rapidly 
cooled  at  night ;  the  air,  as  a  very  diathermanous  body,  is  but  little  heated 
by  the  sun's  rays,  and  on  the  contrary  is  little  cooled  by  radiation  during  the 
night. 
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CHAPTER  II. 

MEASUREMENT  OF  THE  ELASTIC  FORCE  OF  GASES. 

1 8a  Boyle's  law. — The  law  of  the  compressibility  of  gases  was  dis- 
covered by  Boyle  in  1662,  and  afterwards  independently  by  Mariotte  in  i679' 
It  is  in  England  commonly  called  '  Boyle's  law/  and,  on  the  Contincntf 
*  Mariotte's  law.*    It  is  as  follows  : — 

The  temperature  remaining  iJu  same^  the  volume  of  a  given  quantity  of 
gas  is  inversely  as  the  pressure  which  it  bears. 

This  law  may  be  verified  by  means  of  an  apparatus  de\nsed  by  Boyle 
(fig.  143).  It  consists  of  a  long  glass  tube  fixed  to  a  vertical  support :  it  is 
open  at  the  upper  part,  and  the  other  end,  which  is  bent  into  a  short  vertical 
leg,  is  closed.  On  the  shorter  leg  there  is  a  scale,  which  indicates  equal 
capacities ;  the  scale  against  the  long  leg  gives  the  heights.  The  zero  oi 
both  scales  i§  in  the  same  horizontal  line. 

A  small  quantity  of  mercury  is  poured  into  the  tube,  so  that  its  level  in 
both  branches  is  at  zero,  which  is  effected  without  much  difficulty  after  a  few 
trials  (fig.  143).  The  air  in  the  short  leg  is  thus  under  the  ordinary  atmo' 
spheric  pressure  which  is  exerted  through  the  open  tube.  Mercury  is  then 
poured  into  the  longer  tube  until  the  volume  of  the  air  in  the  smaller  tube  is 
reduced  to  one-half;  that  is,  until  it  is  reduced  from  10  to  5,  as  shown  in 
fig.  144.  If  the  height  of  the  mercurial  column,  CA,  be  measured,  it  will  be 
found  exactly  equal  to  the  height  of  the  barometer  at  the  time  of  the  experi- 
ment. The  pressure  of  the  column  CA  is  therefore  equal  to  an  atmosphere 
which,  with  the  atmospheric  pressure  acting  on  the  surface  of  the  column 
at  C,  makes  two  atmospheres.  Accordingly,  by  doubling  the  pressure,  the 
volume  of  the  gas  has  been  diminished  to  one-half. 

If  mercury  be  poured  into  the  longer  branch  until  the  volume  of  the 
air  is  reduced  to  one-third,  it  will  be  found  that  the  distance  between 
the  level  of  the  two  tubes  is  equal  to  two  barometric  columns.  The 
pressure  is  now  three  atmospheres,  while  the  volume  is  reduced  to  one- 
third.  Dulong  and  Petit  have  verified  the  law  for  air  up  to  27  atmo- 
spheres, by  means  of  an  apparatus  analogous  to  that  which  has  been 
described. 

The  law  also  holds  good  in  the  case  of  pressures  of  less  than  one  at- 
mosphere. To  establish  this,  mercury  is  oured  into  a  graduated  tube  until 
it  is  about  two-thirds  full,  the  rest  being  air.  It  is  then  inverted  in  a  deep 
trough  M  containing  mercury  (fig.  145),  and  lowered  until  the  levels  of  the 
mercury  inside  and  outside  the  tube  are  the  same,  and  the  volume  AB  noted. 
The  tube  is  then  raised,  as  represented  in  the  figure,  until  the  volume  of  air 
AC  is  double  that  of  AB  (fig.  146).    The  height  of  the  mercury  in  the  tube 


^bove  the  mercury  in  the  trough  CD  is  then  found  lo  be  exactly  half  (he 
height  of  the  barometric  colunin.  The  air  whose  volume  is  now  doubted  is 
■  only  under  the  pressure  of  half  an  atmosphere  ;  for  It  is  the  elastic 
which,  added  to  the  weight  of  the  column  CD,  is  equivalent 
jospheric  pressure.  Hence  the  volume  is  inversely  as  the  pressure, 
e  experiment  with  Mariotte's  tube,  as  the  quantity  of  air  remains  the 
tt  density  must  obviously  increase  as  its  volume  diminishes,  and  ■vice 


L.te«  of  tbii 
■iiuttmo! 


I 


The  law  may  thus  be  enunciated  -.—'For  the  same  temperature  the 
tfOitj  itf  a  gas  is  proportional  lo  its  pressure.'  Hence,  as  water  is  773 
'■~  a  u  hca>y  as  air,  under  a  pressure  of  773  atmospheres  air  would  be  as 

iioj-le's  law  must  not  be  understood  to  mean  that  gases  of  equal  density 
■'**(  equal  clastic  force  ;  dilferenl  gases  of  various  densities  have  the  same 
Imtionwhen  they  are  under  the  same  pressure.  A  given  volume  of  hydrogen 
Bodci  the  ordinary  atmospheric  pressure  has  the  same  clastic  force  as  the 
*»">«  volume  of  air,  although  the  latter  is  14  times  as  heavy  as  the  former. 
^'■''c^fot  ibe  same  volume,  there  are  the  same  number  of  atoms  in  all  gases, 
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the  lighter  atoms  must  possess  a  greater  velocity  in  order  to  exert  thi 
pressure  as  the  same  number  of  atoms  of  greater  mass. 

l8l.  Boylel  Iftw  la  onlr  approxlnatalT  true. — Until  within  tl 
few  years  Boyle's  law  was  supposed  to  be  absolutely  true  for  all  gases 
pressures,  but  D« 
obtained  results  i 
patible  with  the  la* 
took  two  graduated 
tubes  of  the  sane  1 
and  filled  one  wj 
and  the  other  wji 
gas  to  be  exai 
These  tubes  were 
in  the  same  m 
trough,  and  the 
apparatus  immerse 
strong  glass  cylinde 
with  water.  By 
of  a  piston  movet 
screw  which  worke 
cap  at  the  top  of  a 
der,  the  liquid  coi 
subjected  to  an  inct 
pressute,  and  it  CO 
seen  whether  the 
pression  of  the  twc 
was  the  same  or  not 
apparatus  resemble 
used  for  examinii 
compressibility  of 
{fig  64)  In  this  n 
Despretz  found  thi 
bonic  acid,  sulphi 
bydrc^n,  ammoni 
cyanogen  are  more 
pressible  than  air : 
gen,  which  has  the 
1  IS  atmospheres,  [s  then  less  comprt 
f  rom  these  experiments  it  was  concluded  that  the  law  of  Boyle  w 
general. 

In  some  experiments  on  the  elastic  force  of  vapours,  Dulong  and 
had  occasion  <o  test  the  accuracy  of  Boyle's  law.  The  method  adopti 
exactly  that  of  Mariolte,  but  the  apparatus  had  gigantic  dimensions. 

The  gas  to  be  compressed  was  contained  in  a  strong  glass  lube,  G 
147},  about  six  feet  long  and  closed  at  the  top,  G.  The  pressure  wa 
duced  by  a  column  of  mercury,  which  could  be  increased  to  a  height 
feet,  contained  in  a  long  vertical  tube,  KL,  formed  of  a  number  of 
firmly  joined  by  good  screws,  so  as  to  be  perfectly  tight. 

The  tubes  KL  and  GF  were  hermetically  fixed  in  a  horizontal  iro 


compressibility  : 
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D£,  which  formed  part  of  a  mercurial  reservoir,  A.  On  the  top  of  this 
reservoir  there  was  a  force-pump,  BC,  by  which  mercury  could  be  forced 
into  the  apparatus. 

At  the  commencement  of  the  experiment  the  volume  of  the  air  in  the 
manometer  (182)  was  observed,  and  the  initial  pressure  determined,  by 
adding  to  the  pressure  of  the  atmosphere  the  height  of  the  mercury  in  K 
above  its  level  in  H.  If  the  level  of  the  mercury  in  the  manometer  had 
been  above  the  level  in  KL,  it  would  have  been  necessary  to  subtract  the 
difference. 

By  means  of  the  pump,  water  was  injected  into  A.  The  mercury  being 
then  pressed  by  the  water,  rose  in  the  tube  GF,  where  it  compressed  the 
air,  and  in  the  tube  KL,  where  it  rose  freely.  It  was  only  then  necessary 
to  measure  the  volume  of  the  air  in  GF  ;  the  height  of  the  mercury  in  KL 
above  the  level  in  GF,  together  with  the  pressure  of  the  atmosphere,  was 
the  total  pressure  to  which  the  gas  was  exposed.  These  were  all  the  elements 
necessary  for  comparing  different  volumes  and  the  corresponding  tempera- 
tures. The  tube  GF  was  kept  cold  during  the  experiment  by  a  stream  of 
cold  water. 

The  long  tube  was  attached  to  a  long  mast  by  means  of  staples.  The 
individual  tubes  were  supported  at  the  junction  by  cords,  which  passed 
round  pulleys  R  and  R',  and  were  kept  stretched  by  small  buckets,  P,  con- 
taining shot.  In  this  manner,  each  of  the  thirteen  tubes  having  been  sepa- 
rately counterpoised,  the  whole  column  was  perfectly  free  notwithstanding  its 
weight 

Dulong  and  Arago  experimented  with  pressures  up  to  27  atmospheres, 
and  obser\*ed  that  the  volume  of  air  always  diminished  a  little  more  than  is 
Wjuired  by  Boyle's  law.  But  as  these  differences  were  very  small,  they 
attributed  them  to  errors  of  observation,  and  concluded  that  the  law  was 
pcrfealy  exact,  at  any  rate  up  to  27  atmospheres. 

Regnault  investigated  the  same  subject  with  an  apparatus  resembling 
that  of  Dulong  and  Arago,  but  in  which  all  the  sources  of  error  were  taken 
into  account,  and  the  observations  made  with  remarkable  precision.  He  found 
that  air  docs  not  exactly  follow  Boyle's  law,  but  experiences  a  greater  com- 
pressibility, which  increases  with  the  pressure  ;  so  that  the  difference  between 
the  calculated  and  the  observed  diminution  of  volume  is  greater  in  proportion 
^  the  pressure  increases. 

Kegnault  found  that  nitrogen  was  like  air,  but  is  less  compressible. 
Carbonic  acid  exhibits  considerable  deviation  from  Boyle's  law  even  under 
small  pressures.  Hydrogen  also  deviates  from  the  law,  but  its  compressi- 
^ihty  diminishes  with  increased  pressure. 

Cailletet  examined  the  compressibility  of  gases  by  a  special  method,  in 
*hich  the  pressure  could  be  carried  as  high  as  600  atmospheres.  His  results 
confirm  those  of  Regnault  as  regards  hydrogen  :  nitrogen  was  found  to 
Present  the  curious  feature  that  towards  80  atmospheres  it  has  a  maximum 
^dative  compressibility ;  beyond  this  point  it  gradually  becomes  less  com- 
pressible, its  compressibility  diminishing  more  rapidly  than  that  of  hydrogen. 
Carbonic  acid  deviates  less  from  the  law  in  proportion  as  the  temperature 
IS  higher.  This  is  also  the  case  with  other  gases.  And  experiment  shows 
that  the  deviation  from  the  law  is  greater  in  proportion  as  the  gas  is  nearer 

H 
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its  liquefying  point ;  and,  on  the  contrary,  the  farther  a  gas  is  from  this 
point,  the  more  closely  does  it  follow  the  law.  For  gases  which  are  the 
most  difficult  to  liquefy,  the  deviations  from  the  law  are  inconsiderable,  and 
may  be  quite  neglected  in  ordinar>'  physical  and  chemical  experiments, 
where  the  pressures  are  not  great. 

182.  Jkpplloatioiis  of  8oyle*s  &aw. — Suppose  a  volume  of  gas  to 
measure  340  cubic  inches  under  a  pressure  of  535  mm.,  what  will  be  its 
volume  at  the  standard  pressure,  760  mm.  ? 

We  have  V  =  2:^?-^?^  -  238  cubic  inches. 

760  ^ 

In  like  manner  let  it  be  asked,  if  D'is  the  density  of  a  gas  when  the 
barometer  stands  at  H'  mm.,  what  will  be  its  density  D  at  the  same  tem- 
perature when  the  barometer  stands  at  H  mm. .? 

Let  M  be  the  mass  of  the  gas,  V  its  volume  in  the  first  case,  V  its  volume 
in  the  second.    Therefore 

DV  =  M  -  D'V 

I)      V     P      H 

or  _.      rs  _..  z=   —  ts        .  , 

\y    V     P'    H' 
Thus,  if  ir  denote  760  mm.,  we  have 

Density  at  H'  =  (Density  at  standard  pressure)  -7-. 

760 

183.  Manometers. — Manometers  are  instruments  for  measuring  the 
tension  of  gases  or  vapours.  In  all  such  instruments  the  unit  chosen  is  the 
pressure  of  one  atmosphere,  or  30  inches  of  mercury  at  the  standard  tem- 
perature, which,  as  we  have  seen,  is  nearly  15  lbs.  to  the  square  inch. 

The  open-air  manometer  consists  of  a  bent  glass  tube  BD  (fig.  148), 
fastened  to  the  bottom  of  a  reservoir  AC,  of  the  same  material,  containing 
mercury,  which  is  connected  with  the  closed  recipient  containing  the  gas 
or  vapour  the  pressure  of  which  is  to  be  measured.  The  whole  is  fixed 
on  .1  long  plank  kept  in  a  vertical  position. 

In  gr«iduating  this  manometer  C  is  left  open,  and  the  number  i  marked 
at  the  level  of  the  mercury,  for  this  represents  one  atmosphere.  From  this 
point  the  numbers  2,  3,  4,  5,  6,  are  marked  at  each  30  inches,  indicating  so 
many  atmospheres,  since  a  column  of  mercury  30  inches  represents  a  pres- 
sure of  one  atmosphere.  The  intervals  from  i  to  2,  and  from  2  to  3,&c.,are 
divided  into  tenths.  C  being  then  placed  in  connection  with  a  boiler,  for 
example,  the  mercur>'  rises  in  the  tube  BD  to  a  height  which  measures  the 
tension  of  the  vapour.  In  the  figure  the  manometer  marks  2  atmospheres, 
which  represents  a  height  of  30  inches,  plus  the  fitmospheric  pressure  exerted 
at  the  top  of  the  column  through  the  aperture  D. 

This  manometer  is  only  used  when  the  pressures  do  not  exceed  5  to  6 
atmospheres.  Beyond  this,  the  length  of  tube  necessary  makes  it  ver>'  in- 
convenient, and  the  following  apparatus  is  commonly  used. 

184.  Manometer  wltli  oompressed  air. — The  manometer  ivith  com- 
pressed  air  is  founded  on  Boyle's  law  :  one  form  is  represented  in  fig.  149, 
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which  may  be  screwed  into  a  boiler  or  steam  pipe  where  pressure  is  to  be 
measured.     The  pressure  is  transmitted  through  the  opening  a,  into  the 

closed  space  b.  In  this  is  an  iron  vessel  containing 
mercury,  in  which  dips  the  open  end  of  the  manometer 
tube,  which  is  screwed  airtight  in  the  tubulure. 

In  the  graduation  of  this  manometer,  the  quantity  of 
air  contained  in  the  tube  is  such  that  when  the  aperture 
A  communicates  freely  with  the  atmosphere,  the  level 
of  the  mercury  is  the  same  in  the  tube  and  in  the  tubu- 
lure. Consequently,  at  this  level,  the  number  i  is  marked 
on  the  scale  to  which  the  tube  is  affixed.  As  the  pres- 
sure acting  through  the  tubulure  A  increases,  the  mercury 
rises  in  the  tube,  until  its  weight,  added  to  the  tension 
of  the  compressed  air,  is  equal  to  the  external  pressure* 
It  would  consequently  be  incorrect  to  mark  two  atmo- 
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Fig.  150. 


spheres  in  the  middle  of  the  tube  ;  for  since  the  volume  of  the  air  is 
reduced  to  one-half,  its  tension  is  equal  to  two  atmospheres,  and,  together 
*'ith  the  weight  of  the  mercury  raised  in  the  tube,  is  therefore  more 
than  two  atmospheres.  The  position  of  the  number  is  at  such  a  height 
that  the  elastic  force  of  the  compressed  air,  together  with  the  weight 
^  the  column  of  mercury  in  the  tube,  is  equal  to  two  atmospheres. 
TTic  exact  position  of  the  numbers  2,  3,  4,  &c.,  on  the  manometer  scale 
can  only  be  determined  by  calculation.  Sometimes  this  manometer  is 
niadc  of  one  glass  tube  (as  represented  in  fig.  150).  The  principle  is 
obviously  the  same. 
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185.  ▼olnmometer. — An  interesting  application  of  Boyle's  law  is  met 
with  in  the  volumomeUr,    This  consists  of  a  glass  tube  with  a  cylinder  G  at 

the  top  (fig.  151),  the  edges  of  which  are  carefully  ground, 
3>  and  which  can  be  closed  hermetically  by  means  of  a  ground- 

"ll^y  jff  glass  plate  D.  The  top  being  open,  the  tube  is  immersed 
^t^llj^iM  until  the  level  of  the  mercury  inside  and  outside  is  the  same ; 
this  is  represented  by  the  mark  Z.  The  apparatus  is  then 
closed  airtight  by  the  plate,  and  is  raised  until  the  mercury 
stands  at  a  height  h,  above  the  level  Q  in  the  bath.  The 
original  volume  of  the  enclosed  air  V,  which  was  under  the 
pressure  of  the  atmosphere,  is  now  increased  to  V  +  «/,  since 
the  pressure  has  diminished  by  the  height  of  the  coltunn  of 
mercury  //.  Calling  the  pressure  of  the  atmosphere  at  the 
time  of  observation  ^,  we  shall  have  V:  V  +  v-^— A:^. 

Placing  now  in  the  cylinder  a  body  K,  whose  volume  x  is 
unknown,  the  same  operations  are  repeated,  the  tube  is  raised 
until  the  mercury  again  stands  at  the  same  mark  as  before,  but 
its  height  above  the  bath  is  now  different ;  a  second  reading 

//,,  is  obtained,  and  we  have  (V— jr) :  (y  —  x)  +  7'"^— A,  :  b. 

h 
Combining  and  reducing,  we  get  :r-(V  +  7')    (i  —  _).      The 

h 

Fig.  151.        volume  \'  +  7'  is  constant,  and  is  determined  numerically, 
once  for  all,  by  making  the  experiment  with  a  substance  of 
known  volume,  such  as  a  glass  bulb. 

This  apparatus,  which  is  also  known  as  the  sferomefer^  is  of  great  value 
in  determining  \\i^  gravi metrical  density  of  gunpowder  ;  this  averages  frqpi 
1-67  to  I  84,  and  is  thus  materially  different  from  its  apparent  density^  or  the 
weight  of  a  given  volume  compared  with  that  of  an  equal  volume  of  water, 
which  is  from  0-89  to  094. 

186.  Regnaiilt*B  barometric  manometer.— For  measuring  pressures 
of  less  than  one  atmosphere,  Regnault  devised  the  following  arrangement, 
which  is  a  modification  of  his  fixed  barometer  (fig.  140).  In  the  same  cistern 
dips  a  second  tube  a,  of  the  same  diameter,  open  at  both  ends,  and  provided 
at  the  top  with  a  three-way  cock,  one  of  which  is  connected  with  an  air-pump 
and  the  other  with  the  space  to  be  exhausted.  The  further  the  exhaustion 
is  carried  the  higher  the  mercur>'  rises  in  the  tube  a.  The  differences 
of  level  in  the  tubes  b  and  a  give  the  pressures.  Hence,  by  measuring  the 
height  aby  by  means  of  the  cathctometer,  the  pressure  in  the  space  that  is 
being  exhausted  is  accurately  given.  This  apparatus  is  also  called  the 
differential  barometer. 

187.  Aneroid  barometer. — This  instrument  derives  its  name  from  the 
circumstance  that  no  liquid  is  used  in  its  construction  (a,  without ;  vi/p^r, 
moist).  Fig.  152  represents  one  of  the  forms  of  these  instruments,  con- 
structed by  Casella ;  it  consists  of  a  cylindrical  metal  box,  exhausted  of  air, 
the  top  of  which  is  made  of  thin  corrugated  metal,  so  elastic  that  it  readily 
yields  to  alterations  in  the  pressure  of  the  atmosphere. 

When  the  pressure  increases,  the  top  is  pressed  inwards ;  when,  on  the 
rontrar>%  it  decreases,  the  elasticity  of  the  lid,  aided  by  a  spring,  tends  to 
move  it  in  the  opposite  direction.     These  motions  are  transmitted  by  delicate 


Aneroid  Barometer. 

multiplyinR  levers  to  an  index  which  n 
yrnduaEcd  empirically  by  comparing  its  indic^iio 
Kith  those  of  an  ordinary  mercurial  barometer. 

The  aneroid  has  ihc  advantage  of  being  portable,  and  c: 
of  such  delicacy  as  to  indicate  the  difference  in  pressure  betu'een  the  height 
of  an  ordinary  table  and  the  ground.  It  is  hence  much  used  in  determining 
heights  m  mountain  ascents.  But  it  is  somewhat  liable  to  get  out  ot  order, 
especially  when  it  has  been  subjected  to  great  variations  ot  pressure ;  and  its 

indications  must  from  lime  to  time  be  compared  with  those  of  a  standard 

birumeter. 

The  errors  arising  from  the  use  of  the  aneroid  are  mainly  due  to  the 

transmission   of  the   motion   of  the   lid    by   the   multiplying  arrangement. 

(joldsinid  of  Zurich  devised  a  form  in  which  the  motion  of  the  lid  is  directly   1 

observed. 

Like  that  of  other  aneroids,  the  lid  of  a  bo*  a  (tig.  153),  in  which  the  | 

Alterations  of  pressure  are  determined,  is  of  fine  corrugated  sheet  metal. 


Aisi*  ftied  a  boritonial  metal  strip  *,  on  the  from  end  of  which  is  a.  small 
vpare/,  acting  as  index.  This  rises  and  falls  with  the  movement  of  the  lid, 
*«d  indicates  on  a  scale//',  on  the  sides  of  the  slit  rid',  alterations  in  pres- 
»wt  of  centimetres.  To  this  strip  a  second  and  more  delicate  one,  f,  is  fixed, 
on  ihe  front  end  of  which  is  also  fixed  an  inde.i  e'.  Before  making  an  ob- 
«n«ion,  the  horizontal  line  of  this  index  is  made  to  coincide  with  that  of  e ; 
>Wi  ti  effected  by  means  of  a  micrometer  screw  m,  which  is  raised  or  lowered 
^Iht  movable  ring  A  :  on  the  corresponding  scale  millimetres  and  tenths 
•*  »  millimetTe  are  read  olT,  To  do  this  the  insinimeni  is  provided  with 
*  Itni,  not  represented  in  the  figure.  There  is  also  a  small  thermometer  ( : 
^wn  0,%  indications  a  correction  is  made  for  temperature  according  10  -- 
empirical  wrale  specially  construaed  for  each  instrument. 
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1 88.  &awB  of  the  mixture  of  ^mmem* — If  a  communication  is  opened 
between  two  closed  vessels  containing  gases,  they  at  once  begin  to  mix, 
whatever  be  their  density,  and  in  a  longer  or  shorter  time  the  mixture  is 
complete,  and  will  continue  so,  unless  chemical  action  is  set  up.  The  laws 
which  govern  the  mixture  of  gases  may  be  thus  stated  : — 

I.  TJte  mixture  takes  place  rapidly  and  is  homogeneous;  that  is,  each 
portion  of  the  mixture  contaipis  the  two  gases  in  the  same  proportion, 

II.  If  the  gases  severally  and  the  tnixture  have  the  same  temperature^  and 
if  the  gases  severally  and  the  mixture  occupy  the  same  volume,  then  the 
pressure  on  the  unit  of  area  exerted  by  the  mixture  will  equal  the  sum  of 
pressures  on  the  unit  of  area  exerted  by  t lie  gases  severally. 

From  the  second  law  a  very  convenient  formula  can  be  easily  deduced.   . 

Let  ^'j,  ?Aj,  t/j  .  .  .  .  be  the  volumes  of  several  gases  under  pressure  of 
PvP'iiP^  .  •  •  •  respectively.  Suppose  these  gases  when  mixed  to  have  a 
volume  V,  under  a  pressure  P,  the  temperatures  being  the  same.  By  Boyle's 
law  we  know  that  v^  will  occupy  a  volume  V  under  a  pressure^/  provided 
that 

V//  =  x/,/j;  similarly,  V/./«z/.jJ3 

and  so  on.     But  from  the  above  law  P=/i' +//"'■   •  •  • 


therefore 


VP-7/,/,  +  Z/.^/.^  +  Z/j^,+     .    .   . 


It  obviously  follows  that  if  the  pressures  are  all  the  same,  the  volume  of  the 

mixture  equals  the  sum  of  the  separate  volumes. 

The  first  law  was  shown  experimentally  by  Berthollet,  by  means  of  an 

apparatus  represented  in  fig.  154.     It  consists  of  two  glass  globes  provided 

with  stopcocks,  which  can  be  screwed  one  on 
the  other.  The  upper  globe  was  filled  with 
hydrogen,  and  the  lower  one  with  carbonic  acid, 
which  has  22  times  the  density  of  hydrogen. 
The  globes  having  been  fixed  together  were 
placed  in  the  cellars  of  the  Paris  Observatory 
and  the  stopcocks  then  opened,  the  globe  con- 
taining hydrogen  being  uppermost.  Berthollet 
found  after  some  time  that  the  pressure  had  not 
changed,  and  that,  in  spite  of  the  difference  in 
density,  the  two  gases  had  become  uniformly 
mixed  in  the  two  globes.  Experiments  made 
in  the  same  manner  with  other  gases  gave  the 
same  results,  and  it  was  found  that  the  diffusion 
was  more  rapid  in  proportion  as  the  difference 
between  the  densities  was  greater. 

The  second  law  may  be  demonstrated  by 
passing  into  a  g^duated  tube,  over  mercury, 
known  volumes  of   gas    at    known    pressures. 
F'g-  »54.  The  pressure  and  volume  of  the  whole  mixture 

are  then  measured,  and  found  to  be  in  accordance  with  the  law. 

Gaseous  mixtures  follow  Boyle's  law,  like  simple  gases,  as  has  been 

proved  for  air  (180),  which  is  a  mixture  of  nitrogen  and  oxygen. 
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189.  Jkbsorptioii  of  gases  by  liquids. — Water  and  many  liquids  possess 
the  property  of  absorbing  gases.  Under  the  same  conditions  of  pressure  and 
temperature  a  liquid  does  not  absorb  equal  quantities  of  different  gases. 
At  the  temperature  0°  C.  and  pressure  760  mm.,  one  volume  of  water  dissolves 
the  following  volumes  of  gas  : — 

Nitrogen        ....    0*020    Sulphuretted  hydrogen .        .        4*37 

Oxygen 0*041     Sulphurous  acid     .         .        .       7979 

Carbonic  acid        .        .         .1*79       Ammonia      .         .        .        .  1046-63 

From  the  very  great  condensation,  to  which  the  latter  correspond,  it  may  be 
inferred  that  the  gases  are  in  the  liquid  state.     . 

Gases  are  more  soluble  in  alcohol ;  thus  at  0°  C.  alcohol  dissolves  4*33 
volumes  of  carbonic  acid  gas. 

The  whole  subject  of  gas-absorption  has  been  investigated  by  Bunsen. 
The  general  laws  are  the  following : — 

I.  Far  the  same  gas,  the  same  liquid,  and  the  same  temperature,  the 
"^gkt  0/  gas  absorbed  is  proportional  to  the  pressure.  This  may  also  be 
expressed  by  saying  that  at  all  pressures  the  volume  dissolved  is  the  same  ; 
or  that  the  density  of  the  gas  absorbed  is  in  a  constant  relation  with  that  of 
the  external  gas  which  is  not  absorbed. 

Accordingly,  when  the  pressure  diminishes,  the  quantity  of  dissolved  gas 
decreases.  If  a  solution  of  gas  be  placed  under  the  air-pump  and  a  vacuum 
created,  the  gas  obeys  its  expansive  force,  and  escapes  with  effervescence. 

II.  The  quantity  of  gas  absorbed  decreases  with  the  temperature  ;  that  is 
to  say,  when  the  elastic  force  of  the  gas  is  greater.  Thus  at  15**  water  only 
absorbs  i*oo  of  carbonic  acid. 

III.  The  quantity  of  gas  which  a  liquid  can  dissolve  is  independent  of 
the  nature  and  of  the  quantity  of  other  gases  which  it  may  already  hold  in 
solution. 

In  every  gaseous  mixture  each  gas  exercises  the  same  pressure  as  it 
would  if  its  volume  occupied  the  whole  space  ;  and  the  total  pressure  is 
equal  to  the  sum  of  the  individual  pressures.  When  a  liquid  is  in  contact 
»ith  a  gaseous  mixture,  it  absorbs  a  certain  part  of  each  gas,  but  less  than 
it  would  if  the  whole  space  were  occupied  by  each  gas.  The  quantity  of 
each  gas  dissolved  is  proportional  to  the  pressure  which  the  unabsorbed 
ft'as  exercises  alone.  For  instance,  oxygen  forms  only  about  J  the  quantity 
«f  air ;  and  water,  under  ordinary  conditions,  absorbs  exactly  the  same 
quantity  of  oxygen  as  it  would  if  the  atmosphere  were  entirely  formed  of  this 
b'as  under  a  pressure  equal  to  J  that  of  the  atmosphere. 

19a  Sndosmose  of  grftses. — The  phenomena  of  endosmose  (139)  are 
^en  in  a  high  degree  in  the  case  of  gases.  When  two  different  gases  are 
''eparatcd  by  a  porous  diaphragm,  an  interchange  takes  place  between 
'*J€m,  and  ultimately  the  composition  of  the  gas  on  both  sides  of  the 
diaphragm  is  the  same ;  but  the  rapidity  with  which  different  gases  diffuse 
into  each  other  under  these  circumstances  varies  considerably.  The  laws 
r^ating  this  phenomenon  were  investigated  by  Graham.  Numerous 
experiments  illustrate  it,  two  of  the  most  interesting  of  which  are  the 
following : — 

A  glass  cylinder  closed  at  one  end  is  filled  with  carbonic  acid  gas,  its 
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npen  end  tied  over  with  a  bladder,  and  the  whole  placed  under  a  jar  of 
hydrogen.  Diffasion  takes  place  between  them  through  the  porous  dia- 
phragm, and  after  the  lapse  of  a  certain  time  hydrogen  has  passed  through 
ihe  bladder  into  the  cylindrical  vessel  in  much  greater  quantity  than  ihe 
carbonic  acid  which  has  passed  out,  so  that  the  bladder  becomes  very  much 
distended  outwards  (tig.  155).  If  the  cylinder  be  tilled  with  hydrogen  and 
the  bell-jar  with  carbonic  acid,  the  reverse  phenomenon  will  be  produced — 
the  bladder  will  be  distended  inwards  (tig,  156). 

A  lube  about  iz  inches  long,  closed  at  one  end  by  a  plug  of  dry  plaster  ' 
of  Paris,  is  filled  with  dry  hydrogen,  and  its  open  end  then  immersed  in  a 
mercury  bath.  Endosmose  of  the  hydrogen  towards  the  air  lakes  place  so 
rapidly  that  a  partial  vacuum  is  produced,  and  mercury  rises  in  the  tube  10 
a  height  of  several  inches  [fig.  157).  If  several  such  lubes  are  filled  with 
different  gases,  and  allowed  to  diffuse  into  the  air  in  a  similar  manner,  in 
the  same  time,  ditferenl  quantities  of  the  various  gases  will  difiiise  ;  and 
Graham  found  that  the  law  regulating  these  difltisions  is  that  M«,^>r»0/' 


diffusion  is  inversely  as  Ihe  square  roots  of  the  densities  0/ gases.  Thus,  if 
two  vessels  of  equal  capacity,  containing  oxygen  and  hydrogen,  be  separated 
by  a  porous  plug,  difiiision  takes  place  ;  and  after  the  lapse  of  some  lime, 
for  every  one  part  of  oxygen  which  has  passed  into  the  hydrogen,  four  parts 
of  hydrogen  have  passed  into  the  oxygen.  Now  ihe  density  of  hydrogen 
being  i,  that  of  oxygen  is  16,  hence  the  force  of  diffusion  is  inversely  as  the 
square  mots  of  these  numbers.  It  is  four  times  as  great  in  the  one  which 
has  j'j  the  density  of  the  other. 

Let  the  stem  of  an  ordinary  tobacco  pipe  be  cemented,  so  thai  its  ends 
project,  in  an  outer  glass  tube,  which  can  be  connected  with  an  air-pump 
and  thus  exhausted.  On  allowing  then  a  slow  curreat  at  air  to  enter  one 
end  of  the  pipe,  its  nitrogen  diffuses  more  rapidly  on  its  way  ihrough  the- 
porous  pipe  than  the  heavier  oxygen,  so  that  the  gas  which  emerges  at  the 
other  end  of  the  porous  pipe,  and  which  can  be  coUecied,  is  much  richer  in 
oxygen. 

191.  MAiBioB  of  cBsea. — A  gas  can  only  flow  from  one  space  to  another 
space  occupied  by  the  same  gas  when  the  pressure  in  the  one  is  greater 
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than  in  the  other.  Effusion  is  the  term  applied  to  the  phenomenon  of 
the  passage  of  gases  into  vacuum,  through  a  minute  aperture  not  much 
more  or  less  than  0*013  millimetre  in  diameter,  in  a  thin  plate  of  metal  or 
of  glass  ;  for  in  a  tube  we  are  dealing  with  masses  of  gases,  and  friction 
comes  into  play ;  and  in  a  larger  aperture  the  particles  would  strike 
against  one  another,  and  form  eddies  and  whirlpools.     The  velocity  of  the 

efflux  is  measured,  by  the  formula  v=»^2gh,  in  which  h  represents  the 
pressure  under  which  the  gas  flows,  expressed  in  terms  of  the  height  of  a 
column  of  the  gas  which  would  exert  the  same  pressure  as  that  of  the 
effluent  gas.  Thus  for  air  under  the  ordinary  pressure  flowing  into  a 
vacuum,  the  pressure  is  equivalent  to  a  column  of  mercury  76  centimetres 
high ;  and  as  mercury  is  approximately  10,500  times  as  dense  as  air,  the 
quivalent  column  of  air  will  be  76  centimetres    x  10,500 « 7,980  metres. 

Hence  the  velocity  of  efflux  of  air  into  vacuum  is  «  ^^2  x  98  x  7,980  =  395  5 

metres.    This  velocity  into  vacuum  only  holds, 

however,  for  the  first   moment,  for  the  space 

contains  a  continually  increasing  quantity  of  air, 

so  that  the  velocity  becomes  continually  smaller, 

2nd  is  null  when  the  pressure  on  each  side  is  the 

same.    If  the  height  of  the  column  of  air  ^//,, 

corresponding  to  the  external  pressure,  is  known, 

the  velocity  may  be  calculated  by  the  formula 

For  gases  lighter  than  air  a  greater  height 
"lust  be  inserted  in  the  formula,  and  for  heavier 
.;'ascs  a  lower  height ;  and  this  change  must  be 
inversely  as  the  change  of  density.  Hence  the 
'docities  of  efflux  of  various  gases  must  be  in- 
rendy  as  the  square  roots  of  their  densities, 
A  simple  inversion  of  this  statement  is  that  the 
iiinsities  of  two  gases  are  inversely  as  the  squares 
"f  their  velocities  of  effusion.  On  this  law  Bunsen 
has  based  an  interesting  method  of  determining 
*hc  densities  of  gases  and  vapours,  which  is  of 
k'rcat  service  where  only  small  quantities  of  the 
substances  are  available. 

The  gas  in  question  is  contained  (fig.  158),  in 
a  glass  tube  A,  closed  at  the  top  with  a  stopper 
"^•in  the  neck  B.     In  a  little  enlargement  here 

*  platinum  plate  V  is  fixed,  in  which  is  a  fine 
•capillary  aperture.  The  tube  is  inserted  in  a 
<ieep  mercury  trough,  c  c,  so  that  the  top  r  of  a 
felass  swimmer  D  is  level  with  the  mercury.  The 
stopper  s  having  been  removed,  the  gas  issues 
through  the  capillary  aperture,  and  the  time  is  noted  which  elapses  until 

*  mark  /  in  the  swimmer  is  level  with  the  mercury.  Working  in  this  way 
*ith  different  gases,  it  is  found  that  the  ratios  of  the  times  of  effusion  are 
directly  as  the  squares  of  the  densities^  which  is  another  form  of  the  above 
^tatcmeat 

H3 


Fig.  158. 
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192.  Transpiration  of  vases. — If  gases  issue  through  long,  fine  capillary 
tubes  into  a  vacuum,  the  phenomenon  is  called  transpiration ;  and  the  rate 
of  efflux,  or  the  velocity  of  transpiration^  is  independent  of  the  rate  of  difTusion. 

i.  For  tits  same  gas,  tfie  rate  of  transpiration  increases,  other  things  being 
equal,  directly  as  tJie  pressure  \  that  is,  equal  volumes  of  air  of  different 
densities  require  times  inversely  proportional  to  their  densities. 

ii.  With  tubes  of  equal  diameters,  the  volume  transpired  in  equal  times 
is  inversely  (U  the  length  of  the  tube. 

iii.  As  the  temperature  rises  the  transpiration  becomes  slower, 

iv.   The  rate  of  transpiration  is  independent  of  the  material  of  the  tube, 

193.  Absorption  of  rases  by  solids. — The  surfaces  of  all  solid  bodies 

exert  an  attraction  on  the  molecules  of  gases  with 
which  they  are  in  contact,  of  such  a  nature  that  they 
become  covered  with  a  more  or  less  thick  layer  of 
condensed  gas.  When  a  porous  body  such  as  a  piece  of 
charcoal,  which  consequently  presents  an  immensely 
increased  surface  in  proportion  to  its  size,  is  placed 
in  a  vessel  of  ammonia  gas  over  mercury  (fig.  159), 
the  great  diminution  of  volume  which  ensues  indi- 
cates that  considerable  quantities  of  gas  are  absorbed. 

Now,  although  there  is  no  absorption  such  as 
arises  from  chemical  combination  between  the  solid 
and  the  gas  (as  with  phosphorus  and  oxygen),  still 
the  quantity  of  gas  absorbed  is  not  entirely  dependent 
on  the  physical  conditions  of  the  solid  body ;  it  is  in- 
fluenced in  some  measure  by  the  chemical  nature 
Fig.  159.  both  of  the  solid  and  the  gas.    Boxwood  charcoal  has 

very  great  absorptive  power.  The  following  table  gives  the  volumes  of  gas, 
under  standard  conditions  of  temperature  and  pressure,  absorbed  by  one 
volume  of  boxwood  charcoal  and  of  meerschaum  respectively  : — 

Ammonia 
Hydrochloric  acid 
Sulphurous  acid 
Sulphuretted  hydro;:;en 
Carbonic  acid 
Carbonic  oxide 
Oxygen 
Nitrogen 
Hydrogen 

The  absorption  of  gases  is  in  general  greatest  in  the  case  of  those  which  are 
most  easily  liquefied. 

Cocoa-nut  charcoal  is  even  more  highly  absorbent ;  it  absorbs  171  of 
ammonia,  73  of  carbonic  acid,  and  108  of  cyanogen  at  the  ordinary  pressure ; 
the  amount  of  absorption  increases  with  the  pressure.  The  absorptive 
power  of  pine  charcoal  is  about  half  as  much  as  that  of  boxwood.  The 
charcoal  made  from  corkwood,  which  is  very  porous,  is  not  absorbent, 
neither  is  graphite.     Platinum,  in  the  finely  divided  form  known  as  platinum 
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sponge,  is  said  to  absorb  250  times  its  volume  of  oxygen  gas.  Many  other 
porous  substances,  such  as  meerschaum,  gypsum,  silk,  &c.,  are  also  highly 
absorbent 

If  a  coin  be  laid  on  a  plate  of  glass  or  of  metal,  after  some  time,  when 

the  plate  is  breathed  on,  an  image  of  the  coin  appears.     If  a  figure  is  traced 

on  a  glass  plate  with  the  finger,  nothing  appears  until  the  plate  is  breathed 

on,  when  the  figure  is  at  at  once  seen.     Indeed,  the  traces  of  an  engraving 

which  has  long  laid  on  a  glass  plate  may  be  produced  in  this  way. 

These  phenomena  are  known  as  Moser^s  images^  for  he  first  investigated 
ihcm,  although  he  explained  them  erroneously.  The  correct  explanation 
was  given  by  Waidele,  who  ascribed  them  to  alterations  in  the  layer  of  gas, 
vapour,  and  fine  dust  which  is  condensed  on  the  surface  of  all  solids.  If 
this  layer  is  removed  by  wiping,  on  afterwards  breathing  against  the  surface 
aaore  vapour  is  condensed  on  the  marks  in  question,  which  then  present  a 
different  appearance  from  the  rest. 

If  a  die  or  a  stamp  is  laid  on  a  freshly  polished  metal  plate,  and  one 
.^^  therefore  which  has  been  deprived  of  its  atmosphere,  the  layer  of  vapour 

from  the  coin  will  diffuse  on  to  the  metal  plate,  which  thereby  becomes 
altered ;  so  that  when  this  is  breathed  on  an  impression  is  seen. 

Conversely,  if  a  coin  be  polished  and  placed  on  an  ordinary  glass  plate» 
it  will  partially  remove  the  layer  of  gas  from  the  parts  in  contact,  so  that 
on  breathing  on  the  plate  the  image  is  visible. 

194.  OeelQSion  of  rases. — Graham  found  that  at  a  high  temperature 
platinum  and  iron  allow  hydrogen  to  traverse  them  even  more  readily  than 
<ioes  caoutchouc  in  the  cold.  Thus  while  a  square  metre  of  caoutchouc  0*014 
niillimetre  in  thickness  allowed  129  cubic  centimetres  of  hydrogen  at  20° 
to  traverse  it  in  a  minute,  a  platinum  tube  I'l  millimetres  in  thickness  and 
<^  the  same  surface  allowed  489  cubic  centimetres  to  traverse  it  at  a  bright 
red  heat. 

This  is  probably  connected  with  the  property  which  some  metals,  though 
destitute  of  physical  pores,  possess  of  absorbing  gases  either  on  their  surface 
^""in  their  mass,  and  to  which  Graham  has  applied  the  term  occlusion.  It 
is  best  obser\ed  by  allowing  the  heated  metal  to  cool  in  contact  with  the 
Kas.  The  gas  cannot  then  be  extracted  by  the  air-pump,  but  is  disengaged 
on  heating.  In  this  way  Graham  found  that  platinum  occluded  four 
times  its  volume  of  hydrogen  ;  iron  wire  0*44  its  volume  of  hydrogen,  and 
415  volumes  of  carbonic  oxide;  silver  reduced  from  the  oxide,  absorbed 
about  seven  volumes  of  oxygen,  and  nearly  one  volume  of  hydrogen  when 
heated  to  dull  redness  in  these  gases.  This  property  is  most  remarkable 
>n  palladium,  which  absorbs  hydrogen,  not  only  in  cooling  after  being  heated, 
but  also  in  the  cold.  When,  for  instance,  a  palladium  electrode  is  used  in 
the  decomposition  of  water,  one  volume  of  the  metal  can  absorb  980  times 
Jts  volume  of  the  gas.  This  gas  is  again  driven  out  on  being  heated,  in  which 
■aspect  there  is  a  resemblance  to  the  solution  of  gases  in  liquids.  By  the 
delusion  of  hydrogen  the  volume  of  palladium  is  increased  by  0*09827  of  its 
^"ginal  amount,  from  which  it  follows  that  the  hydrogen,  which  under 
ordinary  circumstances  has  a  density  0*000089546  that  of  water,  has  here  a 
density  nearly  9,868  times  as  great,  or  about  0*88  that  of  water.  Hence  the 
Mrogen  must  be  in  the  liquid  or  even  solid  state  ;  it  probably  forms  thus 
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xn  alloy  with  palladium,  like  a  true  metal— a  view  of  this  gas  whi 
strongly  supported  by  independent  chemical  considerations.  The  ph' 
propenics  too,  in  so  (ar  as  they  have  been  examined,  support  this  view 
being  an  alloy. 

The  phenomenon  ot  occlusion  may  be  illustrated  by  the  following  e; 
ment  (fig.   160).     A  platinum  wire  be  is  stretched  between  supports 
^  glass     plate ;     one     end    of    a    palli 
"^/g  is  also  fixed,  of  which  the 
end  is  attached  to  the  short  arm  of  3 
movable  about  0,  the  long  arm  of  wh 
loaded  with  a  weight  not  represented 
figure,  to  keep  the  wire  tight.   The  pla 
wire  is  connected  with  the  [wsitive  pole 
the  palladium  with  Che  negative  pole  < 
voltaic  battery,  and  the  apparatus  is  pa 
immersed  in  acidulated  water ;    the  wi 
t hereby    decomposed  into    its  const 
gases,  oxygen  is  liberated  in  bubbles 
the  platinum  wire,  but  there  is  no  1 
disengagement    at    the    palladium, 
comes  longer,  however,  as  is  seen  h 
wards.     If  the  current  is  rei'ersed,  the  wire  agaii 
s  original  position. 
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CHAPTER   III. 

PBF-SSURE  ON  BODIES   IN  AIR.      BALLOONS. 

195.  AroUmedea'  prlndvle  apvite«  to  k>m*.— The  pressure  exerted 

b)gases.  on  bodies  immersed  in  ihem,  is  transmitted  equally  in  ail  directions, 
as  has  been  shown  by  the  experiment 
wiihthe  Magdeburg  hemispheres.  It 
tJMrefore  follows  that  all  which  has 
been  said  about  the  equilibrium  of 
bodies  in  liquids  applies  to  bodies  in 
wr;  they  lose  a  part  of  their  weight 
equal  to  that  of  the  air  which  they  dis- 
place. 

The  loss  of  weight  in  air  is  demon- 
siraitd  by  means  of  the  baroscope, 
"liich  consists  of  a  scalebeam,  at  one 
<rf  "hose  extremities  a  small  leaden 
"f^ehi  is  supported,  and  at  the  other 
iheie  is  a  hollow  copper  sphere  (fig. 
161;.  In  the  air  they  exactly  balance 
"tie  another  ;  hut  when  they  are  placed 
under  the  receiver  of  the  air-pump, 
and  a  vacuum  is  produced,  the  sphere 
^iaks.  thereby  showing  that  in  reality 
"  is  heavier  than  the  small  leaden 
"fiilht.  Before  the  air  is  exhausted,  each  body  i; 
"f  the  air  which  it  displaces.  Bui  as  the  sphere 
'■■".  its  weight  undergoes  most  apparent  dirr ' 

'faliiy  the  heavier  body,  it  is  balanced  by  the  small  leaden  weight.  It  may 
1*  proved  by  means  of  the  same  apparatus  that  this  loss  is  equal  to  the 
•eight  of  the  displaced  air.  Suppose  the  volume  of  the  sphere  is  10  cubic 
"idles.  The  weight  of  this  volume  of  air  is  yi  grains.  If  now  this  weight 
b« added  to  the  leaden  weight,  it  will  overbalance  the  sphere  in  air,  but  will 
f«cily  balance  it  in  vacuo. 

The  principle  of  Archimedes  is  true  for  bodies  in  air  ;  all  that  has  been 
^'d  about  bodies  immersed  in  liquids  applies  to  them  ;  that  is,  that  nhen  a 
■^y  is  heavier  than  air,  it  will  sink,  owing  to  the  excess  of  its  weight  over 
'^buoyancy.  If  it  is  as  heavj'  as  air,  its  weight  will  exactly  counterbalance 
ifi' buoyancy,  and  the  body  will  float  in  the  atmosphere.  If  the  body  is 
''Sliier  than  air,  the  buoyancy  of  the  air  will  prevail,  and  the  body  will  rise 


buoyed  up  by  the  weight 
is  much  the  larger  of  the 
and  thus,  though  i: 
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in  the  atmosphere  until  it  reaches  a  layer  of  the  same  density  as  its  own. 
The  force  of  the  ascent  is  equal  to  the  excess  of  the  buoyancy  over  the 
weight  or  the  body.  This  is  the  reason  why  smoke,  vapours,  clouds,  and 
air-balloons  rise  in  the  air. 

AIR-BALLOONS. 

196.  Air-balloons. — Air-balloons  are  hollow  spheres  made  of  some  light 
impermeable  material,  which,  when  filled  with  heated  air,  with  hydrogen  gas, 
or  with  coal  gas,  rise  in  the  air  by  virtue  of  their  relative  lightness. 

They  were  invented  by  the  brothers  Montgolfier  of  Annonay,  and  the 
first  experiment  was  made  at  that  place  in  June  1783.  Their  balloon  was  a 
sphere  of  forty  yards  in  circumference,  and  weighed  500  pounds.  At  the 
lower  part  there  was  an  aperture,  and  a  sort  of  boat  was  suspended,  in  which 
tire  was  lighted  to  heat  the  internal  air.  The  balloon  rose  to  a  height  of 
2,200  yards,  and  then  descended  without  any  accident. 

Charles,  a  professor  of  physics  in  Paris,  substituted  hydrogen  for  hot  air. 
He  himself  ascended  in  a  balloon  of  this  kind  in  December  1783.  The  use 
of  hot-air  balloons  was  entirely  given  up  in  consequence  of  the  serious 
accidents  to  which  they  were  liable. 

Since  then  the  art  of  ballooning  has  been  greatly  extended,  and  many 
ascents  have  been  made.  That  which  Gay-Lussac  made  in  1804  was  the 
most  remarkable  for  the  facts  with  which  It  has  enriched  science,  and  for  the 
height  which  he  attained — 23,000  feet  above  the  sea-level.  At  this  height 
the  barometer  sunk  to  126  inches,  and  the  thermometer  which  was  31^  C. 
on  the  ground,  was  9  degrees  below  zero. 

In  these  high  regions,  the  dryness  was  such  on  the  day  of  Gay-Lussac's 
ascent,  that  hygrometric  substances,  such  as  paper,  parchment,  &c.,  became 
dried  and  crumpled  as  if  they  had  been  placed  near  the  fire.  The  respira- 
tion and  circulation  of  the  blood  were  accelerated  in  consequence  of  the 
great  rarefaction  of  the  air.  (iay-Lussac's  pulse  made  120  pulsations  in  a 
minute  instead  of  66,  the  normal  number.  At  this  great  height  the  sky  had 
a  very  dark  blue  tint,  and  an  absolute  silence  prevailed. 

One  of  the  most  remarkable  of  ascents  was  made  by  Mr.  Glaisher  and 
Mr.  Coxwell,  in  a  large  balloon  belonging  to  the  latter.  This  was  filled 
with  90,000  cubic  feet  of  coal  gas  (sp.  gr.  0*37  to  o  33) ;  the  weight  of  the 
load  was  600  pounds.  The  ascent  took  place  at  i  P.M.  on  September  5, 
1861  ;  at  1.28  they  had  reached  a  height  of  15,750  feet,  and  in  eleven 
minutes  after  a  height  of  21,000  feet,  the  temperature  being  —  io'4°  ;  at 
1.50  they  were  at  26,200  feet,  with  the  thermometer  at  —15*2°.  At  1.52 
the  height  attained  was  29,000  feet,  and  the  temperature  — 16°  C.  At  this 
height  the  rarefaction  of  the  air  was  so  great,  and  the  cold  so  intense, 
that  Mr.  Glaisher  fainted,  and  could  no  longer  observe.  According  to 
an  approximate  estimation  the  lowest  barometric  height  they  attained 
was  7  inches,  which  would  correspond  to  an  elevation  of  36,000  to  37,000 
feet. 

197.  Oonstmotion  and  manaf^omont  of  balloons. — A  balloon  (fig.  162) 
is  made  of  long  bands  of  silk  sewed  together  and  covered  with  caoutchouc 
varnish,  which  renders  it  airtight.  At  the  top  there  is  a  safety-valve  closed 
by  a  spring,  which  the  aeronaut  can  open  at  pleasure  by  means  of  a  cord. 


Const  met  ioti  ami  Maiiagfiiu-iit  of  Balloons. 


carry  three  persons,  is 


A  light  wickerwork  boat  is  suspended  by  r 

which  entirely  covers  the  balloon. 

A  balloon  of  the  ordinary  dimensio 
about   i6  yards  high,  li  yards  in  diameter, 
(uU,  is  about  680  cubic  yards.     The  bal- 
loon itself  weighs  200  pounds;  the  ac- 
cessories, such  as  the  rope  and  boat,  roo 

The  balloon  is  tilled  either  uiih  hy- 
(Iro^n  or  with  coal  jj^as.  Although  the 
liHM  is  heavier  than  the  former,  ii  is 
^nerally  preferred,  because  it  is  cheaper 
and  more  easily  obtained.  It  is  passed 
iWo  the  balloon  from  the  gas  reservoir 
tfy  means  of  a  fiesible  tube.  It  is  im- 
ponant  not  to  fill  the  balloon  quite 
fall,  for  the  atmospheric  pressure  dimin- 
lilict  as  it  rises  (tig.  162),  and  the  gas 
iiMde,  expanding  in  consequence  of  its 
'Iwtc  force,  tends  to  burst  it,  It  is 
»ufficient  for  the  ascent  if  the  weight  of 
'Ik  displaced  air  exceeds  thai  of  the 
tullMHi  by  8  or  10  pounds.  And  this 
funt  rennains  constant  so  long  as  the 
bjliooo  is  not  quite  distended  by  the 
diimiion  of  the  air  in  the  interior.  If 
ills  aimospheric  pressure,  for  example, 
l<ii  diminished  lo  une-half,  ihc  gas  in  the 
•Wllocm,  according  to  Boyle's  law,  has 
"l^whiEd  its  volume.  The  volume  of  the 
'"displaced  is  therefore  twice  as  great ; 
^l  tincc  its  density  has  become  only 
"M-half,  the  weight  and  consequently 
iht  upward  buoyancy  are  the  same. 
^Twn  noce  the  balloon  is  compleidy 
''il»i«d,  if  it  continues  lo  rise,  the  force  nf 
"^  Mcent  decreases,  for  the  volume  nf 
'lie  displaced  air  remains  the  same,  bui 
"•density  diminishes,  and  a  lime  arrives 
*t  which  the  buoyancy  is  equal  to  the 
•tishi  of  the  balloon.  The  balloon  can  now  0 
™ried  by  ihc  currents  of  air  which  prevail  i 
'*iii  knows  by  the  bammeicr  whether  he  is 

^  tbe  same  means  he  determines  the  height  which  he  has  reached.  A  long 
'W  fixed  to  the  boat  would  indicate,  by  the  position  it  takes  either  above  or 
'"*'"*.  whether  ihc  balloon  is  descending  or  ascending. 

When  ihc  aeronaut  wishes  to  descend,  he  opens  the  valve  at  the  top  ol 
jl"  balloon  by  means  of  the  cord,  which  allows  gas  to  escape,  and  the 
links.     If  he  wants  to  descend  more  slowly,  or  to  rise  again,  he 
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nut  bags  of  sand,  of  which  there  is  an  ample  supply  in  the  car.  The 
descent  is  facilitated  by  means  of  a  grappling-iron  fixed  to  the  boat.  When 
once  this  is  fixed  to  any  obstacle,  the  balloon  is  lowered  by  pulling  the 

The  only  practical  applications  which  air-balloons  have  hitherto  had 
have  been  in  military  reconnoitring.  At  the  battle  of  Fleurus,  in  1794,  ■ 
captive  balloon — that  is,  one  held  by  a  rope — was  used,  in  which  there  wa» 
an  observer  who  reported  the  movements  of  the  enemy  by  means  of  signals. 
At  the  battle  of  Solferino  the  movements  and  disposilions  of  the  Austrian 
troops  were  watched  by  a  captive  balloon  :  and  in  the  war  in  America 
balloons  were  frequently  used,  while  iheir  importance  during  the  siege  of 
I'aris  is  fresh  in  all  memories.  The  whole  subject  of  military  ballooning 
was  treated  in  two  papers  by  Major  Grover  and  by  Major  Beaumont,  in  a 
volume  of  the  Professional  Papers  of  the  Royal  Engineers  ;  and  experiments 
;ire  in  progress,  at  Woolwich  and  at  Aldershot,  with  a  view  of  ascertain- 
ing the  most  practicable  means  of  inflating  balloons,  and  the  best  form  and 
equipment  for  service  in  the  field.  It  has  been  proposed  10  use  captive 
balloons  for  observations  on  the  changes  of  temperature  in  the  air,  &c.  -4ir- 
bailoons  can  only  be  truly  useful  when  they  can  be  KU'ded,  and  as  yet  all 
attempts  made  with  this  *'iew  h.ivc  completely  failed.  There  is  no  other 
i.ourse  at  present  than  to  rise  in  the  air  until  there  is  a  current  which  has 
more  or  less  the  desired  direction. 
L'n fortunately  the  currents  in  the 
higher  regions  of  the  atmosphere 
are  variable  and  irregular. 

r98.  Varaolmta Tlie  object 

of  the  parachute  is  to  allow  the 
:iiTonaut  to  leave  the  balloon,  by 
^'iving  him  the  means  of  lessening 
the  rapidity  of  his  descent.  It 
consists  of  a  large  circular  piece 
nf  cloth  {fig.  163),  about  16  feet  in 
diameter,  and  which  by  the  resist- 
ance of  the  air  spreads  out  like 
a  gigantic  umbrella.  In  the  centre 
there  is  an  aperture,  through 
which  the  air  compressed  by  the 
rapidity  of  the  descent  makes  its 
escape  ;  for  otherwise  oscillations 
might  be  produced,  which,  when 
communicated  to  the  boat,  would 
be  dangerous. 

In  fig.  162  there  is  a  parachute 
attached  to  the  network  of  the 
balloon  by  means  of  a  cord  which 
passes  round  a  pulley,  and  is  fixed 
"     "  at  the   other    end    to   the  boat. 

When  the  cord  is  cut  the  parachute  sinks,  at  first  very  rapidly,  but  more 
slowly  as  it  becomes  distended,  as  represented  in  the  figure. 


-IW]     Caladation  of  the  Weight  which  a  Balloon  can  raise,    i6i 

199.  (Calculation   of  tlie  welgbt  wbieb   a  balloon  eaa  raise. — To 

calculate  the  weight  which  can  be  raised  by  a  balloon  of  given  dimensions 
let  us  suppose  it  perfectly  spherical,  and  premise  that  the  formulae  which 

express  the  volume  and  the  superficies  in  terms  of  the  radius  are  V  «  ^      . 

3 
S«4»rR';  TT  being  the  ratio  of  the  circumference  to  the  diameter.     The 

radius  R  being  measured  in  feet,  let  p  be,  in  pounds,  the  weight  of  a 

square  foot  of  the  material  of  which  the  balloon  is  constructed  ;  let   P 

be  the  weight  of  the  car  and  the  accessories,  a  the  weight  in  pounds  of 

a  cubic  foot  of  air  at  zero,  and  under  the  pressure  076™,  and  a'  the  weight 

of  the  same  volume,  under  the  same  conditions,  of  the  gas  with  which 

the  balloon  is  inflated  (155).    Then  the  total  weight  of  the  envelope  in 

pounds  will  be  47rR'^/ ;  that  of  the  gas  will  be"^-^—,  and   that  of  the  dis- 

If  X  be  the  weight  which  the  balloon  can  support,  we 


placed  air  ^H^^ 
have 


^Vhence 


X  -  ^^{a  -  a')  -  4«-R!^  -  P. 
3 

I'Ut.aswe  have  before  seen  (197),  in  order  that  the  b«alloon  may  rise,  the 
weights  must  be  less  by  8  or  10  pounds  than  that  given  by  this  equation. 


L 


by  Otto  von  Guericke  in  1650,  a  few  years  after  the  invention  of  the   baro- 

The  air-pump,  as  now  usually  constructed,  may  be  described  as  follows. 
Fig.   164  represents  a  i^eneral  view;  lig.  163  a  section,  and  figs.  166-171 


W^  Air-pump.  163 

ntious  parts ;  the  letters  in  all  the  tigures  having  everywhere  the  same 
TUtanmg. 

The  base  V  G  L  is  of  stout  metal,  and  is  finnly  fixed  on  a  table.  At  one 
radtwo  glass  cylinders  or  barrels  are  firmly  cemented,  and  the  two  leather 
pistons  P  and  V  work  airtight  in  them.  To  these  pistons  are  attached 
«wks  H,  K,  and  by  means  of  a  handle  M  N  working  about  a  pinion  X,  the 
pinons  P  and  P'  are  moved  alternately  up  and  down.  On  the  plate  V  is 
fined  a  thick  glass  plate  with  a  very  true  surface.  In  its  centre  is  a  screw 
lubulure  n,  fixed  into  a  conduit  nc  in  the  base  of  the  pump,  and  which  con- 
Mcis  the  receiver  and  the  barrels. 

Fig.  166  gives  a  vertical  section  of  one  of  the  pistons  on  a  larger  scale. 
I1  coQsisis  of  two  brass  discs,  A  and  B,  the  latter  of  which  is  provided  with 


'*  lubulure  in  which  is  a  screw  1>  ;  this  presses  together  a  number  of  leather 
"uheis,  very  slightly  larger  than  the  disc.  The  leather  is  thoroughly 
waked  with  oil,  and  slides  airtight  in  the  barrels,  but  with  slight  friction.  D 
"  pierced  by  a  channel  which  connects  it  with  the  outer  air.  In  the  centre 
"(iht  disc  I)  is  a  hole  1,  closed  by  a  metal  valve  Z,  which  is  shod  with  cork, 
*wi  by  means  of  a  rod  t  is  kept  in  position  in  the  channel. 

A  valve  s  opens  and  closes  the  orifice  of  the  channel  c,  which  is  in  con- 
■■enion  with  the  receiver.  It  is  fixed  to  the  end  of  a  rod  a,  which  moves,  but 
wih  friction,  through  the  piston.  Then  when  the  piston  sinks  it  carries  with 
'<  ihe  rod  «,  and  closes  the  orifice.    As  the  piston  rises  it  lifts  the  rod,  but 
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only  for  a  small  distance,  for  the  rod  strikes  against  the  top  of  the  ban 
the  piston,  continuing  its  upward  motion,  slides  along  the  rod. 

The  stopcock  T  connects  the  receiver  R  with  the  air-pump  gauge  E 
while  S  connects  the  receiver  with  the  barrels.  When  the  receiver  faa 
exhausted,  S  is  lumed  through  a  quarter,  and  the  vacuum  is  thus  prei 
Air  can  be  admitted  by  opening  a  screw  r  at  the  lop  of  a  channel 
stopcock  itself. 

The  piston  P'  being  at  the  bottom  of  the  barrel  (figs.  166  and  167). 
handle  is  worked,  the  piston  rises,  and  with  it  the  rod  a  ;ind  the  y 
while  Z  is  closed  by  its  own  weight  and  the  pressure  of  the  air.  A 
vacuum  is  created  under  the  piston,  but  the  valve  s,  having  opened  u 
neciion  with  the  receiver  R,  the  air  in  this  expand  sand  fills  both  then 


and  the  barrel  \Vhen  P  begms  to  descend,  the  valve  s  is  closed 
descent  of  the  rod  a,  the  rarefied  air  in  the  barrel  can  no  longer  rel 
the  receiver  il  gets  more  and  more  condensed,  and  its  elastic  force  i 
mately  so  greil  as  to  open  the  \ahe  Z,  and  the  air  under  the  piston  e 
by  the  channel  D  into  the  outer  air,  and  thus  the  rarefaction  pre 
in  the  receiver  is  permanent.  At  the  second  stroke  of  the  pisti 
same  phenomenon  is  repeated,  until  a  limit  is  reached  at  which,  alt 
there  is  air  in  the  receiver,  its  elastic  force  is  insufficient  to  rail 
valve  Z. 

It  is  clear  that  when  the  rarefaction  has  proceeded  to  a  consid 
extent,  the  atmospheric  pressure  on  the  top  of  P  will  be  very  great,  but 
be  very  nearly  balanced  by  the  atmospheric  pressure  on  the  top  of  the 
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piston.  Consequently  the  experimenter  will  have  to  overcome  only  the 
difference  of  the  two  pressures.  I'his  is  the  reason  why  two  barrels  ^re 
employed,  a  plan  first  adopted  by  Hawksbee. 

201.  Air-pump  ffance. — When  the  pump  has  been  worked  some  time, 
the  pressure  in  the  receiver  is  indicated  by  the  difference  of  level  of  the 
mercury  in  the  two  legs  of  a  glass  tube  bent  like  a  syphon,  one  of  which  is 
opened,  and  the  other  closed  like  the  barometer.  This  little  apparatus, 
which  is  called  the  gaugey  is  fixed  to  an  upright  scale,  and  placed  under 
a  small  bell-jar,  which  communicates  with  the  receiver  E  by  a  stop- 
cock A,  inserted  in  the  tube  leading  from  the  orifice  C  to  the  cylinders, 
fig.  165. 

Before  commencing  to  exhaust  the  air  in  the  receiver,  its  elastic  force 
exceeds  the  weight  of  the  column  of  mercury  which  is  in  the  closed  branch, 
and  which  consequently  remains  full.  But  as  the  pump  is  worked,  the 
elastic  force  soon  diminishes,  and  is  unable  to  support  the  weight  of  the 
mercury,  which  sinks  and  tends  to  stand  at  the  same  level  in  both  legs.  If 
an  absolute  vacuum  could  be  produced,  they  would  be  exactly  on  the  same 
lc\'el,  for  there  would  be  no  pressure  either  on  the  one  side  or  the  other.  But 
»ith  the  very  best  machines  the  level  is  always  about  a  thirtieth  of  an  inch 
higher  in  the  closed  branch,  which  indicates  that  the  vacuum  is  not  absolute, 
for  the  elastic  force  of  the  residue  is  equal  to  the  pressure  of  a  column  of 
mercury  of  that  height. 

Theoretically  an  absolute  vacuum  is  impossible ;  for,  since  the  volume 
of  each  cylinder  is,  say,  5^5  that  of  the  receiver,  only  ^  of  the  air  in  the 
receiN-cr  is  extracted  at  each  stroke  of  the  piston,  and  consequently  it  is  im- 
possible to  exhaust  all  the  air  which  it  contains.  The  theoretical  degree  of 
exhaustion  after  a  given  number  of  strokes  is  easily  calculated  as  follows  : — 
Let  a  denote  the  volume  of  the  receiver,  including  in  that  term  the  pipe  ; 
^  the  volume  of  the  cylinder  between  the  highest  and '  lowest  positions  of 
the  piston  ;  and  assume,  for  the  sake  of  distinctness,  that  there  is  only  one 
c)iindcr :  then  the  air  which  occupied  a  before  the  piston  is  lifted  occupies 
''^^  after  it  is  lifted  ;  and  consequently  \i  d^  is  the  density  at  the  end  of  the 
tirst  stroke,  and  d  the  original  density,  we  must  have 

Jf'^j  is  the  density  at  the  end  of  the  second  stroke,  we  have 

\a-tb)         \a->rb) 
^ow  this  reasoning  will  apply  to  n  strokes  ; 

consequently  d»^d(-^^—X 

If  there  are  two  equal  cylinders,  the  same  formula  holds  ;  but  in  this  case, 
'n  counting  n,  upstrokes  and  downstrokes  equally  reckon  as  ofte. 

It  is  obvious  that  the  exhaustion  is  never  complete,  since  d  can  be  zero 
^Jily  when  n  is  infinite.  However,  no  very  great  number  of  strokes  is  rc- 
Muired  to  render  the  exhaustion  virtually  complete,  even  if  a  is  several  times 
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by  a  handle,  M.  A  crank,  m,  which  is  joined  to  the  top  of  the  {Hston-rod,]! 
fixed  to  the  same  shaft,  and  consequently  at  every  revolution  of  the  wheel 
the  cylinder  makes  two  oscillations. 

In  some  cases,  as  in  that  shown  in  the  figure,  the  crank  and  the  fly-wheel 
are  on  parallel  axes  connected  by  a  pair  of  cog-wheels.  The  modificatioD 
in  the  action  produced  by  this  ar- 
rangement is  as  follows  : — If  the 
cog-wheel  on  the  former  axis  has 
twice  as  many  teeth  as  that  on  the 
latter  axis,  the  pressure  which  raises 
the  piston  is  doubled  ;  an  advantage 
n-hich  is  counterbalanced  by  the 
inconvenience  that  now  the  piston 
will  make  one  oscillation  for  one 
revolution  of  the  fly-wheel. 

The  machine  is  double-acting ; 
that  is,  the  piston  PP  (fig.  173)  pro- 
duces a  vacuum,  both  in  ascending 
and  descending.  This  is  effected 
by  the  following  arrangements  : — 
In  the  piston  there  is  a  valve,  i, 
opening  upwards  as  in  the  ordinary 
machine.  The  piston  rod  AA  is 
hollow,  and  in  the  inside  there  is  a 
copper  tube,  X,  by  which  the  air 
makes  its  escape  through  the  valve 
i.  At  the  top  of  the  cylinder  there 
is  a  second  valve,  a,  opening  up- 
wards. An  iron  rod,  D,  works  with 
gentle  friction  in  the  piston,  and 
terminates  at  its  ends  in  two  conical 
valves,  s  and  t",  which  fit  into  the 
openings  of  the  tube  BB  leading  to 
the  receiver. 

Let  us  suppose  the  piston  de- 
scends,    Thfc  valve  s"  is  then  closed, 
'^  ''^  and,  the  valve  s  being  open,  the  ajr 

of  the  receiver  passes  in  the  space  above  the  piston,  while  the  air  in  the 
Apace  below  the  piston  undergoes  compression,  and,  raising  the  valve, 
escapes  by  the  tube  X,  which  communicates  with  the  atmosphere.  When 
the  piston  ascends,  the  exhaustion  takes  place  through  s',  and  the  valve  t 
being  closed,  the  compressed  air  escapes  by  the  valve  a. 

The  machine  has  a  stopcock  for  double  e>chauslion,  similar  to  that 
already  described  (202)  It  is  also  oiled  m  an  ingenious  manner.  A  cup,  E, 
round  the  rod  is  filled  with  oil,  which  passes  into  the  annular  space  between 
the  rod  AA  and  the  lube  X  ;  it  passes  then  into  a  lube  w  in  the  piston,  and, 
forced  by  the  atmospheric  pressure,  is  uniformly  distributed  on  the  surface 
of  the  piston. 

The  apparatus,  being  of  iron,  may  be  made  of  much  greater  dimensions 
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than  the  ordinary  air-pump.    A  vacuum  can  also  be  produced  with  it  in  far 
less  time  and  in  apparatus  of  greater  size  than  usual. 

204.  Belaull's  alr-piimp. — In  this  air-pump  the  main  peculiarity  is  its 
piston,  which  is  of  considerable  length,  and  consists  of  a  series  of  accurately 
constructed  metal  discs  bolted  together.  This  works  easily  and  smoothly  in 
the  barrel,  and  no  packing  or  lubricator  is  used ;  or  rather,  the  lubricator 
is  the  air  in  the  space  between  the  piston  and  the  barrel.  The  internal 
friction  of  the  air  in  this  narrow  space  is  so  great  that  the  rate  at  which  it 
leaks  into  the  barrel  is  far  inferior  to  the  rate  at  which  the  pump  is  exhaust- 
ing air  from  the  receiver.  And  Maxwell  showed  that  the  internal  friction 
is  not  diminished  even  when  its  density  is  greatly  reduced.  Hence  the 
pump  works  very  satisfactorily  up  to  a 
considerable  degree  of  exhaustion — to  a 
millimetre  of  mercury,  for  instance. 

205.  SprenceVs  air  -  pump.  — 
Sprengel  has  devised  a  form  of  air- 
pump  which  depends  on  the  principle 
of  converting  the  space  to  be  exhausted 
into  a  Torricellian  vacuum. 

If  an  aperture  be  made  in  the  top 
of  a  barometer  tube,  the  mercury  sinks 
and  draws  in  air ;  if  the  experiment 
be  so  arranged  as  to  allow  air  to  enter 
along  with  mercury,  and  if  the  supply 
of  air  be  limited,  while  that  of  mercury 
is  unlimited,  the  air  will  be  carried 
away  and  a  vacuum  produced.  The 
following  is  the  simplest  form  of  the  ap- 
paratus in  which  this  action  is  realised. 
In  fig.  174,  cd  is  a  glass  tube  longer 
than  a  barometer,  open  at  both  ends, 
and  connected,  by  means  of  india- 
rubber  tubing,  with  a  funnel,  A,  filled 
with  mercur>'  and  supported  by  a  stand. 
Mercury  is  allowed  to  fall  in  this  tube 
at  a  rate  regulated  by  a  clamp  at  c ; 
the  lower  end  of  the  tube  cd  fits  in  the 
^k  B,  which  has  a  spout  at  the  side 
a  little  higher  than  the  lower  end  of 
^d\  the  upper  part  has  a  branch  at  ;r, 
to  which  a  receiver  R  can  be  tightly 
fixed.  When  the  clamp  at  c  is  opened, 
^hc  first  portions  of  mercury  which  run 
'»oii  close  the  tube  and  prevent  air 
from  entering  below.  As  the  mercury  is  allowed  to  run  down,  the  ex- 
haustion begins,  and  the  whole  length  of  the  tube  from  x  to  d  is  filled 
^'th  cylinders  of  air  and  mercury  having  a  downward  motion.  Air  and 
mercury  escape  through  the  spout  of  the  bulb  B  which  is  above  the  basin  H, 
*here  the  mercury  is  collected.     It  is  poured  back  from  time  to  time  into 

I 
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the  funnel  A,  to  be  repassed  through  the  tube  until  the  eichaustion  i 
plete.  As  this  point  is  approached,  the  enclosed  air  between  the  in 
cylinders  is  seen  to  diminish,  until  the  lower  part  of  cd  forms  a  coni 
column  of  mercury  about  30  inches  high.  Towards  this  stage  of  the  i 
a  noise  is  heard  like  that  of  a  water-hammer  when  shaken  ;  the  open 
completed  when  the  column  of  mercury  encloses  no  air,  and  a  drop  of  n 
falls  on  the  top  of  the  column  without  enclosing  the  slightest  air-l 
The  height  of  the  column  then  represents  the  height  of  the  coli 
mercury  in  the  barometer  ;  in  other  words,  it  is  a  barometer  whose  Toni 
vacuum  is  the  receiver  R.  This  apparatus  has  been  used  with  great  i 
in  experiments  in  which  a  very  complete  exhaustion  is  required,  u 
preparation  of  Geissler's  tubes  and  in  incandescent  electrical  lamps. 
,  be  advantageously  combined  with  an  exhausting  syringe,  which  first  n 
the  greater  part  of  the  air,  the  exhaustion  being  then  completed  as  ah 
it  perfect  vacua  are  obtained  by  absorbing  the  residual  gs 


the  exhaustion  has  been  pushed 


possible,  either  mechanic 
by  some  substance  with 
it  combines  chemically. 
Dewar  has  prcxluced  a  v 
which  he  estimates  at  j 
millimetre,  by  heating  cl 
to  redness,  in  a  vesse 
which  air  had  been  ex! 
by  the  Sprengel  pump,  ai 
allowing  it  to  cool.  Fi 
tilled  a  vessel  with  oxyge 
exhausted  as  far  as  p 
and  finally  heated  to  I 
some  copper  contained 
vessel.  This  absorbei 
minute  quantity  of  gas  le 
the  formation  of  cupric 
In  some  of  his  expe 
Crookes  obtained  by  cl 


millimetre.      In    these" 

rarefied  gases  the  pressu 

low  that  it  is  very  diffi 

measure     minute     difTt 

For  such    cases    McLci 

devised  a  very  valuable 

the  principle  of  which  is 

*■'*■  ''5-  dense  a  measured  volum 

highly  rarefied  gas  to  a  much  smaller  volume,  and  then  to  mea 

pressure  under  the  new  conditions. 

206.  annaea'a  aiMr-pamp.— This  is  a  very  convenient  arrangen 
producing  a  vacuum  in  cases  where  a  good  supply  of  water  is  avail 
in  laboratories.  Its  principle  is  based  on  that  of  Sprengel's  pu 
composition  tube  a  {fig.  175),  connected  with  the  service-pipe  at  i 


supply,  b  joined  by  means  of  a  caoutchouc  lube  to  a  glass  lube  cdf,  to  which 
liiillached  at/a  leaden  tube  about  lo  to  12  yards  long.  The  tube  jr*  is 
CDnnccted  with  the  space  to  be  exhausted.  The  water  enters  by  it,  and  in 
fjUiDg  down  the  tube  carries  with  it  air  from  the  space  to  be  exhausted. 
Tbe  supply  of  water,  aad  therewith  the  rate  of  exhaustion,  can  be  regulated 
b]r  the  Stopcock^  ;  the  bent  tube^^,  which  contains  mercury,  measures  the  de- 
SntaTexhaustian,  which  maybe  reduced  to  a  pressure  of  10 10  15  millimetres. 
Mr,  -When  a  jet  of  liquid  or  of 
surrounding  air  along  with  it ;  fresh 


107.  AkplrAtlBC  ttcttoB  of 

*gu  passes  through  air,  it  car 
>ir  rushes  in  to  supply  its  place,  comes  also  in  coi 
like  manner  carried  away.  Thus,  then,  there  is  a 
lit  around  the  jet,  in  consequence  of  which  it  exei 
This  phenomenon  may  be  well  illustrated  by 
prEMnied  in  fig.  176,  the  analogy  of  nhich  to  the 
'iU  be  at  once  evident.  It  consists  of  a  wide  gl 
'^ich  are  bited  two  small  tubes,  nd  and  B  ; 


lobe  containing  a  coloured  liquid.     On  blowing  through  the  r 
liijuid  at  0  is  seen  to  rise.     If,  on  the  contrary,  the  wide  tube  t: 
a  depression  is  produced  at  o. 


:  an  aspiratory  action. 
Leans  of  an  apparatus  re- 
periment  described  (146) 
s  tube  in  the  two  ends  of 
the  bottom  is 


blov 


tube  the 


To  this  class  of  phenomena  belongs  the  following  experiment,  which  i> 
rtnple  modilicaiion  of  one  originally  described  by  Ciement  and  Uesormes, 
Ati^is  fined  in  a  metal  disc  (fig.  177),  its  end  being  flush  with  the  surface. 
A  ligiii  disc  is  held  at  a  linle  distance  by  means  of  three  metal  stud: 
Holding  the  tube  vertically  with  the  discs  downwards,  and  btowing  Into  it, 
4*  movable  disc  is  seen  to  rise  until  it  comes  in  contact  with  the  upper 
Tile  current  of  air  spreads  out  from  the  centre  of  the  plate  towards  the 
Wnunfcrence,  and  in  doing  so  it  is  rarefied  ;  in  consequence  of  this  lessened 
pnwuce  in  the  space,  the  lower  disc  is  lifted  by  the  external  pressure  against 
*t  upper  one,  where  it  remains  as  long  as  the  blowing  continues.  The 
titnjilctt  plan  uf  making  this  experiment  was  devised  by  Faraday.  Holding 
orwhaui]  lioriwntat,  (he  palm  downwards  and  the  lingers  closed,  you  blow 
"irough  the  space  between  the  index  and  middle  finger.  If  a  piece  of  light 
P^tTiOf  1  or  3  square  inches,  is  held  against  the  aperture,  it  does  not  fall 
Mka^tsthe  blowii 
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The  old  loater-M/ows,  still  used  in  mounlainous  places  where  there  is  a 
a  further  application  of  the  principle.  Water  falling  fiom 
down  a  narrow  tube  divides  and  carries  air  along  with  it  ;  and  if 
there  are  apertures  in  the  side  through  which  air  can  enter,  this  also  is 
carried  along,  and  becomes  accumulated  in  a  reservoir  placed  below,  from 
which  hy  means  of  a  lateral  tube  it  can  be  directed  into  the  hearth  of  a  forge. 
By  the  locomotive  sUam-pipe  a  jet  of  steam  entering  the  chimney  of  the 
locomotive  carries  the  air  away,  so  that  fresh  a" 


Fii-  .7S.  Fis,  115. 

lire,  and  thus  the  draught  be  kept  up.     In  Ci^afi's  inj'ec/ar  vatei  is  pumped 
by  means  of  a  jet  of  steam  into  the  boiler  of  a  sieam-engine. 

Z08.  aKmren'B  rnvronry  pomp.— Figs.  178  and  179  represetit  a  mercu- 
rial air-pump,  constructed  by  Alvergnial.  It  consists  of  Ino  reservoirs,  A 
and  B,  figs.  178  and  179,  connected  by  a  barometer  lube  T,  and  a  long 
caoutchouc  tube  C.    The  reservoir  B  and  the  lube  T  are  fixed  to  a  ver- 


lical  support  A,  which  is  movable  and  open,  and  can  he  aliemalely 
rased  and  lowered  through  a  distance  of  nearly  four  feet.  This  is  effected 
by  means  of  a  long  wire  rope,  which  is  fixed  ; 

md  passes  over  two  ptilleys,  'i  and  6,  the  latter  of  which  is  turned  by  a 
handle.  Above  the  re5er\'oir  11  is  a  three-way  cock  n  ;  to  this  is  attached  a 
lube  d,  for  exhaustion,  and  on  the  left  is  an  ordinary  stopcock  m,  which 
fonununicates  with  a  reservoir  of  mercury  v,  and  with  the  air.  The 
(ttutusiing  lube  d  is  not  in  direct  communication  with  the  receiver  to  be  ex- 
HiUisled :  it  is  first  connected  with  a  reservoir  o,  partially  filled  with  sulphuric 
arid,  and  designed  to  dr>'  the  gases  which  enter  the  apparatus.  A  caotit- 
fhouc  luhc,  c,  makes  communication  with  the  receiver  which  is  to  be  cx- 
luusied.    On  the  reservoir  o  is  a  small  mercury  manometer^. 

These  details  being  understood,  suppose  the  reservoir  A  at  the  top  of  its 
wane  (fig.  178),  the  stopcock  m  open,  and  the  stopcock  «  turned  as  seen  in 
I;  the  caoutchouc  tube  C.  the  tube  T,  the  reservoir  B,  and  the  tube  above 
"t  filied  with  mercury  as  far  as  v  ;  closing  then  the  stopcock  m,  and  lower- 
ing the  reservoir  A  (fis.  179/,  the  mercury  sinks  in  the  reservoir  B,  and  in  the 
lubt  T,  until  the  difference  of  levels  in  the  two  tubes  is  equal  to  the  baro- 
"Wtic  height,  and  there  is  a  vacuum  in  the  .     _       _       . 

ilojKOCk  «,  as  shown  in  tig.  X,  the  gas 
frooi  Ibe  space  to  be  exhausted  passes 
"110  the  baromclric  chamber  B  by  the 
lubct  fond  </,  and  the  level  again  sinks 
» ihe  lube  T.  The  sippcocks  are  now 
rcpUced  in  the  first  position  (lig.  Z),  and 
Uie  teservoir  A  is  again  lifted,  the  excess 
flfpressureof  mercury  in  the  caoutchouc 
<ube  expels,  through  the  stopcocks  n  and 
"I,  the  gas  which  had  passed  into  the 
(hiinher  B,  and  if  a  few  droplets  of  mer- 
niry  are  carried  along  with  them,  they 
»re  collected  in  the  vessel  v.  The  pro- 
«» is  repeated  until  the  mercury  is  vir- 
'nally  at  the  «amc  level  in  both  legs. 

like  Sprengers  pump,  this  is  very 
^ln»  in  its  working,  and,  like  it,  is  best 
tnplnycd  in  completing  the  exhaustion 
"t  a  space  which  has  already  been  pnr- 
tnDy  rarefied  ;  for  a  vacuum  of  5L  of  a 
miUimetie  may  be  obtained  by  its  means. 

909.  aond««BlBK  pump.— The  con- 
vening pump  is  an  apparatus  for  com- 
pfMiing  air.nr  any  other  gas.  The  form 
*i«Ily  adopted  is  the  following  :— In  a 
nlindw.  A,  of  small  diameter  (fig.  181), 
"we  il  a  solid  piston,  the  rod  of  which  i: 
■•  ponded  mriih  a  scrtw  which  fits  into  t 
'"ugnnent  of  the  valves,  which  are  so 
•pww  from  the  outi^ide,  and  the  lower  vn 


I 


4  moved  by  the  hand.  The  cylinder 
he  receiver  K.  Fig.  180  shows  the 
constructed  that  the  lateral  valve  o 

live  s  from  inside. 
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When  the  piston  descends,  the  valve  o  closes,  and  the  elastic  font  of  tb 
compressed  air  opens  the  valve  s,  which  thus  allows  the  compressed  air  ti 
pass  into  the  receiver.  When  the  piston  ascends,  s  closes  and  o  opens,  am 
pennils  the  entrance  of  fresh  air,  which  in  turn  becomes  compressn]  b] 
the  descent  of  the  piston,  and  so  on.  This  apparatus  is  chiefly  used  fo: 
charging  liquids  with  gases.  For  this  purpose  the  stopcock  B  is  connectet 
with  a  reservoir  of  the  gas  by  means  of  the  tube  U.  The  pump  exhauib 
this  gas,  and  forces  it  into  the  vessel  K,  in  which  the  liquid  is  contained 
The  artificial  gaseous  waters  are  made  by  means  of  analogous  apparatus... 

The  principle  of  the  condensing  pump  has  tnany  applications,  such  as  ii 
ihe  small  pump  used  by  plumbers  for  testing  and  for  clearing  gas-pipes,  ii 
ventilating  mines,  in  supplying  air  to  blast-furnaces,  in  the  air-brakes  used  ii 
locomotives,  and  so  forth. 

2ia  Vmb  of  tb*  ftlr-pnmp. — A  great  many  experiments  with  the  air 
pump  have  been  already  described.     Such  are  the  mercurial  rain  {13),  tb< 

fall  of  bodies  it 


of  a  glass  vessel 
A,  provided  ai 
the  bottom  wit  I 
a  stopcock,  anc 
a  tubulure  whid: 
projects  into  th( 
interior.       Hav 

ing  screwed  this  apparatus  to  the  air-pump  it  is  exhausted,  and,  the  slopcodi 
being  closed,  it  is  placed  in  a  vessel  of  water,  K.  Opening  then  the  stop 
cock,  the  atmospheric  pressure  upon  the  water  in  the  vessel  makes  it  jd 
through  the  tubulure  into  the  interior  of  the  vessel,  as  shown  in  th< 
drawing. 

Fig.  183  represents  an  experiment  illustrating  the  effect  of  atmospheri< 
pressure  on  the  human  body.  A  glass  vessel,  open  at  both  ends,  bcin{ 
placed  on  the  plate  of  the  machine,  the  upper  end  of  the  cylinder  ii 
closed  by  the  hand,  and  a  vacuum  is  made.     The  hand  then  becomei 


-BlJ  Hero's  Fountain.  175 

pntwd  by  the  weight  of  the  atmosphere,  and  can  only  be  taken  away 
by  a  great  Kthn.  And  as  the  elasticity  of  the  fluids  contained  in  the 
otgaiu  is  not  counterbalanced  by  the  weight  of  the  atmosphere,  ihe  palm  of 
the  band  swells,  and  blood  tends  to  escape  from  the  pores. 

By  means  of  the  air-pump  it  may  be  shown  that  air,  by  reason  of  the 

(a!lffa  it  contains,  is  necessary  for  the  support  of  combustion  and  of  life. 

For  if  we  place  a  lighted  taper  under  the  receiver,  and  begin  to  exhaust  the 

^r,ihe  flame  becomes  weaker  as  rarefaction  proceeds,  and  is  finally  extin- 

guisbed.    Similarly,  an  animal  faints  and  dies  if  a  vacuum  is  formed  in  a 

Kcdver  under  which  it  is  placed.     Mammalia  and  birds  soon  die  in  vacuo. 

Fiih  and  reptiles  support  Ihe  loss  of  air  for  a  much  longer  time.     Insects 

<u  live  several  days  in  vacuo. 

Snbslances  liable  to  ferment  may  be  kept  in  vacuo  for  a  long  time  with- 

MaUeration,  as  they  are  not  in  contact  with  ox^ren,  which  is  necessary  for 

'erawnialion.      Food  kept  in  airtight  cases,  from  which  the  air  had  been 

nkauned,  has  been  found  as  fresh  after  years  as  on  the  first  day. 

III.  MBro*s  fimnf  Iwi — Hero's  fountain,  which  derives  its  name  from  its 

inventor.  Hero,  who  lived  at  Alexandria,  i3o  b.c,  depends  on  the  elasticity 

ofibeair.    It  consists  of 

>bQudish,U<fig.  1S4), 

ud  of  iwo  glass  globes, 

MandN.  Thcdishcom- 

aunicates  with  the  lower 

[wiofihe  globe  N  by  a 

l«giubc,B;and  another 

tDbe.A,connecis  thetwD 

globes.      A    third    lube 

puses  through  the  dish 

D  to  the  lower  part  of 

the  globe  M.    This  tube 

bving  been  taken  out, 

ilw  globe  M  is  partially 

filed  with    water ;  the 

tube  is  then  replaced,  and 

»»ler  is  poured  into  the 

diih.    llie  water  flows 

ibtough  the  tube  B  into 

tbe  lower  globe,  and  ex- 
pit!  the  air,  which   is 

tweed    into    the    upper 

Elobe:  theair,  thus  com - 

pnued,  acts  upon  the 

*aiet,  and  makes  it  jet 

■Was  represented  in  the 

■iKure.    If  it  were  not  for 

<l>e  nsistance  of  the  at- 

"nfUpheTe   and    friction,  "**  "'' 

'be  liquid  would  rise  10  a  height  above  the  water 

tlifferente  of  the  level  in  the  two  globes. 


the  dish  equal  to  the 
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a. — The  intermillent  fcuntain  depei 
an  the  elastic  force  of  the  air,  and  partly  on  the  atmospheric  pre 
consists  of  a  stoppered  glass  globe  (C,  fig.  185),  provided  with  tw( 
capillary  tubulures,  D.  A  glass  tube  open  at  both  ends  reaches  at 
to  the  upper  part  of  the  globe  C  ;  the  other  end  terminates  just  abo 
aperture  in  the  dish  B,  which  supports  the  whole  apparatus. 

The  water  with  which  the  globe  C  is  nearly  iwo-lhirds  filled,  ni: 
the  tubes  D,  as  shown  in  the  figure,  the  internal  pressure  at  D  be 
to  the  atmospheric  pressure,  together  with  the  weight  of  the  columi 
CD,  while  the  external  pressure  at  thai  point  is  only  that  of  the  >ti 
These  conditions  prevail  so  long  as  the  lower  end  of  the  glass  tube 
that  is,  so  long  as  air  can  enter  C  and  keep  the  air  in  C  at  the  sair 
as  the  external  air  ;  but  the  apparatus  is  arranged  so  that  the  ortl 
dish  B  does  not  allow  so  much  water  to  flow  out  as  it  receives  from 
D,  in  consequence  of  which  the  level  gradually  rises  in  the  dish,  a 
the  lower  end  of  the  glass  tube.  As  the  external  air  cannot  now 
globe  C,  the  air  becomes  rarefied  in  proportion  as  the  flow  contil 
the  pressure  of  the  column  of  water  CD,  together  with  the  tcnsioti 
contained  in  the  globe,  is  equal  to  this  CNtemal  pressure  at  D ; 
consequently  stops.  But  as  water  continues  to  flow  out  of  the  d 
tube  D  becomes  open  again,  air  enters,  and  the  flow  recommenct 
on,  as  long  as  there  is  water  in  the  globe  C. 

•  ajpiioii. — The  syphon  is  a  bent  lube  open  at  both 


inequal  legs  (fig.  1 


is  used  in  transferring  liquids  in  the 
manner  : — The  syphon  is  filled  1 
liquid,  and,  the  two  ends  beii 
the  shorter  leg  is  dipped  in  the 
represented  in  fig.  186  ;  or  the  s 
having  been  dipped  in  the  liqu 
is  exhausted  by  applying  the  mi 
A  vacuum  is  thus  produced,  the 
C  rises  and  fills  the  tube  in  cot 
of  the  atmospheric  pressure.  Ii 
run  out  through  the  syphon  as  li 
shorter  end  dips  in  the  liquid. 

To  explain  this  flow  of  watei 

syphon,  let  us  suppose  it  fillet 

short  leg  immersed  in  the  liqt 

pressure  then  acting  on  C,  and  t 

raise  the  liquid  in  the  tube,  is 

Fig.  ^S6,  spheric  pressure  minus  the  hei| 

column  of  liquid  DC.     In  Ul« 

the  pressure  on  the  end  of  the  tube  B  is  the  weight  of  the  atmosj 

the  pressure  of  the  column  of  liquid  AB.     But  as  this  latter  column 

than  CD,  the  force  acting  at  B  is  less  than  the  force  acting  at  C, 

sequently  a  flow  takes  place  proportional  lo  the  difference  between 

forces.     The  flow  will  therefore  be  more  rapid  in  proportion  as  the 

of  level  between  the  aperture  B  and  the  surface  of  the  liquid  in  C  i 

It  follows  from  the  theory  of  the  syphon  that  it  would  not 
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Fig.  187. 


vacuo,  nor  if  the  height  CD  were  greater  than  that  of  a  column  of  liquid 
which  counterbalances  the  atmospheric  pressure. 

214.  TIfte  laterminent  ssrplion. — In  the  intermittent  syphon  the  flow  is 
not  continuous.     It  is  arranged  in  a  vessel,  so  that  the  shorter  leg  is  near 
the  bottom  of  the  vessel,  while  the  longer  leg  passes 
through  it  (fig.  187).   Being  fed  by  a  constant  sup- 
ply of  water,  the  level  gradually  rises  both  in  the 
vessel  and  in  the  tube  to  the  top  of  the  syphon, 
*hich  it  fills,  and  water  begins  to  flow  out.   But  the 
apparatus  is  arranged  so  that  the  flow  of  the  syphon 
is  more  rapid  than  that  of  the  tube  which  supplies 
Ae  vessel,  and  consequently  the  level  sinks  in 
ike  vessel  until  the  shorter  branch  no  longer  dips 
in  the  liquid ;  the  syphon  is  then  empty,  and  the 
^w  ceases.     But  as  the  vessel  is  continually  fed 
^  the  same  source,  the  level  again  rises,  and 
tbe  same  series  of  phenomena  is  reproduced. 

The  theory  of  the  intermittent  syphon  explains  the  natural  intermittent 
springs  which  are  found  in  many  countries,  and  of  which  there  is  an  excel- 
^t  example  near  Giggleswick  in  Yorkshire.  Many  of  these  springs  furnish 
^ater  for  several  days  or  months,  and  then,  after  stopping  for  a  certain  in- 
tend, again  recommence.  In  others  the  flow  stops  and  recommences 
several  times  in  an  hour. 

These  phenomena  are  explained  by  assuming  that  there  are  subterranean 
fcttntains,  which  are  more  or  less  slowly  filled  by  springs,  and  which  are  then 
^ptied  by  fissures  so  occurring  in  the  ground  as  to  form  an  intermittent 
sN^phon. 

215.  SiffBrent  kinds  of  pwm9n,^ Pumps  are  machines  which  serve  to 
•^se  water  either  by  suction,  by  pressure,  or  by  both  efforts  combined  ;  they 
are  consequently  divided  into  suction  or  lijt  pumps  ^force-pumps^  and  suction 
^^  forcing  pumps. 

The  various  parts  entering  into  the  construction  of  a  pump  are  the  barrel, 
the  piston,  the  valves,  and  the  pipes.  The  barrel  is  a  cylinder  of  metal  or 
of  wood,  in  which  is  the  pis- 

^<fn.    The  latter  is  a  metal  or    ^^^HK!i  IHS        'l^^^HK '' ' 
*oodcn  cylinder  wrapped  with     ^^^■ffliBr  iH^         >^^^Bb  \l 

tow,  and  working  with  gentle 
Action  the  whole  length  of 
the  barrel 

The   valves    are    discs    of 
nvetal  or  leather,  which  alter-  ^'^'  '^^'  ^''^'  '^^' 

^ely  close  the  apertures  which  connect  the  barrel  with  the  pipes.  The 
most  usual  valves  are  the  c/ack  valve  (fig.  1 88)  and  the  conical  valve  (fig. 
'89).  The  first  is  a  metal  disc  fixed  to  a  hinge  on  the  edge  of  the  orifice  to 
he  closed.  In  order  more  eflffectually  to  close  it,  the  lower  part  of  the  disc 
'» covered  with  thick  leather.  Sometimes  the  valve  consists  merely  of  a 
leather  disc,  of  larger  diameter  than  the  orifice,  nailed  on  the  edge  of  the 
orifice.    Its  flexibility  enables  it  to  act  as  a  hinge. 

The  conical  valve  consist  of  a  metal  cone  fitting  in  an  aperture  of  thp 

13 
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same  shape.  Below  this  ii  an  iron  hoop,  througti  which  puses  a ' 
fixed  to  the  valve  The  obje«  of  this  is  to  limit  the  pky  of  the  « 
it  is  raised  by  the  water,  and  to  prevent  its  removal. 

2l6.  •mettoct-pnmp.— Fig.  190  represents  a  model  of  a  socl 
such  as  is  used  in  lectures,  but  which  haa  the  same  anangema 
pumps  in  common  use.  It  consists,  ist,  of  a  g/aii  cyJinder,B,  at  H 
of  which  there  is  a  valve,  S,  opening  upwards  ;  2nd,  of  a  sucHm 
which  dips  into  the  reservoir  from  which  water  is  to  be  raised ; 
piston,  which  is  moved  up  and  down  by  a  rod  worked  by  a  handle 
piston  is  perforated  by  a  hole  ;  the  upper  aperture  is  closed  by  a 
opening  upwards. 

When  the  piston  rises  from  the  bottom  of  the  cylinder  B,  a ' 
produced  below,  and  the  valve  O  is  kept  closed  by  the  atmooph 
sure,  while  the  air  in  the  p 
consequence  of  its  elasticity, 
valve  S,  and  partially  paasei 
cylinder.  The  air  being  thu: 
water  rises  in  the  pipe  until 
sure  of  the  liquid  column, 
with  the  tension  of  the  ra 
which  remains  in  the  tube 
balances  the  pressure  of  t 
sphere  on  the  water  of  the  re 
When  the  piston  desc 
valve  S  closes  by  its  own  w< 
prevents  the  return  of  the  aii 
cylinder  inio  the  tube  A. 
compressed  by  the  piston  < 
valve  O,  and  escapes  into  1 
sphere  by  the  pipe  C.  With 
stroke  of  the  piston  the  sam< 
phenomena  is  produced,  an 
few  strokes  the  water  rej 
cylinder.  The  effect  is  now 
modified  ;  during  Ihc  desce 
piston  the  valve  S  closes, 
water  raises  the  valve  O,  ai 
above  the  piston  by  which 
into  the  upper  reservoir  D. 
now  no  more  air  in  the  pumj 
water  forced  by  the  atmospt 
sure  rises  with  the  piston, 


which  the  lube  A  dips,  for  we  1 
equal  to  the  press' 


that  when  it  is  at  the  summit  of  its  course,  it  is  not  more  tht 

above  the  level  of  the  w. 

(163)  that  a  column  of  water  of  this  height 

atmosphere. 

In  practice  the  height  of  the  tube  A  does  not  exceed  26  1 
for,  although  the  atmospheric  pressure  can  support  a  higher  ci 
vacuum  produced  in  the  barrel  is  not  perfect,  owing  (o  the  fact  that 


when  it 

ide  lube  A,  there  is  j 
"in,  S,  which  open! 
upwMtls.  Another  valve 
0.  opening  ir 
■direction,  closes  ihe  apcr- 
■uie  of  «  conduit,  which 
pMscjfrom  a  hole 
Ihe  va!v8  S,  inlo  a  vessel 
M,  which  is  called  the 
From  ihis 
flumber  there  is  another 
Mbe,  D.  up  which  the 
■wer  is  forced, 

Al  each  ascent  of  the 
piiton  B.  which  is  solid, 
lilt  waier 
ilwiube  A 

nl  When  the  piston 
witl,  the  valve  S  closes, 
and  ibe  water  is  forced 
thnwgh  the  valve  O  into 
'lie  re  - 

thence  into  the  tube  ]). 
The  height  to  which  it 
'in  be  raised  in  ihis  tube  i  li-  'q'- 

iltpends  solely  on  the  motive  force  which  works  the  pump. 

If  the  lube  D  were  a  prolongation  of  the  tube  Jac,  the  flow  would  be  ii 
lenniitem  ;  it  would  take  place  when  the  piston  descended,  and  would  c 
»  Mion  as  it  ascended.  But  between  these  lubes  there  is  an  interval,  which, 
^  Ttmnt  of  the  air  in  the  reservoir  M,  ensures  a  continuous  flow.  The 
*»I«r  forced  into  the  reservoir  M  divides  into  two  parts,  one  of  which, 
""ag  in  I>.  presses  on  the  water  in  the  reservoir  by  its  weight  ;  while  the 
"ther,  in  virtue  of  this  pressure,  rises  in  the  reservoir  above  the  lower 
"rifife  of  ihc  lube  D,  compressing  the  air-above.  Consequently,  when  the 
Wton  aicrnds,  and  no  longer  forces  the  water  into  M,  the  air  of  the 
"wrvoir,  by  the  pressure  it  has  received,  reacts  on  the  liquid,  and  r 
It  in  ihc  tube  \),  unlil  the  piston  again  descends,  so  that  the  jel  ' 

lis.  kastf  wblBti  the  ylston  anpporta. —  In  the  suction-pump,  when 
"«we  the  water  tills  the  pipe,  and  the  barrel,  as  far  as  the  spoui,  /Ae  effort 
»rttttary  In  rnhe  tkt  pislon  U  cgiial  to  the  iveigkt  of  a  column  of  V/aler, 
"*■  "  w^vjAicii  i.i  tin's  pi 'toll,  ami  llir  lieiglit  the  vertical  diitaHM 
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spout  from  the  level  of  the  water  in  tht  reset  voir;  ikal  it,  Ike  ktij^ 
viUch  the  waier  is  raised.  For  if  H  is  the  atmospheric  pressure,  k  tl 
height  of  the  water  above  the  piston,  and  k'  the  height  of  the  ctiha 
which  fills  the  suction-tube  A  (fig.  191),  and  the  lower  part  of  the  barrd,  i 
pressure  above  the  piston  is  obviously  H  -v  jI,  and  that  bclOw  is  H  —  1 
since  the  weight  of  the  column  k'  tends  to  counterbalance  the  atmospha 
pressure.  But  as  the  pressure  H  —  k'  tends  to  raise  the  piston,  the  effecti 
resistance  is  equal  to  the  excess  ofH+Aover  H  —  k',  that  is  to  say,  toA  +  i 

In  the  suction  and  force  pump  it  is  readily  seen  that  the  pressure  whi 
the  piston  supports  is  also  equal  to  the  weight  of  a  column  of  water  the  bk 
of  which  is  the  section  of  the  piston,  :tnd  the  height  that  to  which  the  wai 
is  raised. 

219.  nre-cntlB*. — The  fire-engine  is  a  force-pump  in  which  a  steady  j 
is  obtained  by  the  aid  of  an  air-chamber,  and  also  by  two  pumps  workii 


alternately  (fig.  19a).  The  two  pumps  m  and  n,  worked  by  the  same  l« 
PQ,  are  immersed  in  a  tank,  which  is  kept  filled  with  water  as  long  as  t 
pump  works.  From  the  arrangement  of  the  valves  it  will  be  seen  that  wh 
one  pump  n  draws  water  from  the  tank,  the  other,  m,  forces  it  into  the  m, 
chamber  R  ;  whence,  by  an  orifice  Z,  it  passes  into  the  delivery  tube, 
which  it  .can  be  sent  in  any  direction. 

Without  the  air-chamber  the  jet  would  be  intermittent.  But  as  the  ve! 
city  of  the  water  on  entering  the  reservoir  is  less  than  on  emerging,  the  lei 
of  the  water  rises  above  the  orifice  Z,  compressing  the  air  which  fills  t 
reservoir.  Hence,  whenever  the  piston  stops,  the  air  thus  compressed,  1 
acting  on  the  liquid,  forces  it  out  during  its  momentary  stoppage,  and  tb 
keeps  up  a  constant  flow. 
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CHAPTER   I. 

PRODUCTION,  PROPAGATION,  AND  REFLECTION  OF  SOUND. 

22a  Vr«¥iaea  of  aeoiutles. — The  study  of  sounds,  and  that  of  the 
^Wions  of  elastic  bodies,  form  the  province  of  the  science  of  sounds^  or 

Music  considers  sounds  with  reference  to  the  pleasurable  feelings  they  are 
'^culatcd  to  excite.  Acoustics  is  concerned  with  the  questions  of  the  pro- 
duction, transmission,  and  comparison  of  sounds  ;  to  which  may  be  added 
the  physiological  question  of  the  perception  of  sounds. 

221.  Sound  and  noise. — Sound  is  a  peculiar  sensation  excited  in  the 
^^fpui  of  hearing  by  the  vibratory  motion  of  bodies,  when  this  motion  is 
transmitted  to  the  ear  through  an  elastic  medium. 

All  sounds  are  not  identical ;  they  present  differences  by  which  they  may 
^  distinguished,  compared,  and  their  relations  determined. 

Sounds  are  distinguished  from  noises,  Sound  properly  so  called,  or 
musical  sound,  is  that  which  produces  a  continuous  sensation,  and  the  musical 
^'alue  of  which  can  be  estimated  ;  while  noise  is  either  a  sound  of  too  short 
*  duration  to  be  determined,  like  the  report  of  a  cannon  ;  or  else  it  is  a  con- 
^scd  mixture  of  many  discordant  sounds,  like  the  rolling  of  thunder  or  the 
noise  of  the  waves.  Nevertheless  the  difference  between  sound  and  noise  is 
^  no  means  precise  :  Savart  showed  that  there  are  relations  of  height  in 
the  case  of  noise,  as  well  as  in  that  of  sound  ;  and  there  are  said  to  be  cer- 
tain cars  sufficiently  well  organised  to  determine  the  musical  value  of  the 
sound  produced  by  a  carriage  rolling  on  the  pavement. 

222.  CNuM«  of  sonnd. — Sound  is  always  the  result  of  rapid  oscillations 
'^parted  to  the  molecules  of  elastic  bodies,  when  the  state  of  equilibrium  of 
these  bodies  has  been  disturbed  either  by  a  shock  or  by  friction.  Such 
hodics  tend  to  regain  their  first  position  of  equilibrium,  but  only  reach  it  after 
performing,  on  each  side  of  that  position,  very  rapid  vibratory  movements, 
the  amplitude  of  which  quickly  decreases.  A  body  which  produces  a  sound 
'5  called  a  sonorous  or  sounding  body. 

As  understood  in  England  and  Germany,  a  vibration  comprises  a  motion 
tOtf«</fTo  ;  in  France,  on  the  contrary,  a  vibration  means  a  movement  to  or 
^fo-  The  French  vibrations  are  with  us  semi-vibrations,  an  oscillation  or  ^nbra- 
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sprinkled  o 


lioM  islhemovementofthevibrating  molecule  in  only  one  direction;  a  dM 
or  complete  vibration  comprises  the  oscillation  both  backwards  and  forwiri 
Vibrations  of  sounding  bodies  are  very  readily  observed.  If  a  light  powder 
n  a  body  which  is  in  the  act  of  yielding  a  musical  sound,  a  rap 
motion  is  imparted  to  the  powdc 
which  renders  visible  the  vibratia 
of  the  body ;  and  in  the  sin 
manner,  if  a  stretched  cord  1 
smartly  pulled  and  let  go,  its  vibr 
tions  are  apparent  to  the  eye. 

A  bell-jar  is  held  horiiontal 

in  one  hand  (fig.  193),  and  mai 

^'*  '"■  to  vibrate  by  being  struck  with  tl 

other ;  if  then  a  piece  01  metal  is  placed  m  it,  it  is  rapidly  raided  by  tl 

vibrations  of  the  side  ;  touching  the  bell-jar  with  the  hand,  the  sound  ceaw 

and  with  it  the  motion  of  the  metal. 

IB  ootprapftckted  In  ▼■«!•.— The  vibrations  of  elastic  bodi 


1  only  produce  the 


IE 


;■  ^'j^!*' 


of  sound  in  us  by  the  intervention  of 
medium  interposed  between  the  ear  and  t 
sonorous  body  and  cibrating  with  it.  Tl 
medium  is  usually  the  air,  but  all  gas< 
vapours,  liquids,  and  solids  also  transi 
sounds. 

The  following  experiment  shows  that  t 
presence  of  a  ponderable  medium  is  nee 
sary  for  the  propagation  of  sound.  A  sn 
metal  bell,  which  is  continually  struck  b; 
small  hammer  by  means  of  clockwork, 
else  an  ordinary  musical  box.  is  placed  tiw 
the  receiver  of  an  air-pump  ffig.  194). 
long  as  the  receiver  is  full  of  air  at  the  or 
nar/  pressure  the  sound  is  Ctansmitted,  1 
in  proportion  as  the  air  is  exhausted  1 
sound  becomes  feebler,  and  is  impercepti' 


^^^Tj  To  ensure  the  success  of  the  experime 

the  bcltwork  or  the  musical  box  must 

placed  on  wadding  ;  for  otherwise  the  vih 

tions  would  be  transmitted  to  the  air  thnn: 

^'*'  '"■  the  plate  of  the  pump. 

2I4-  ••■»<  ■■  propacmMd  In   all   •!>■««   ttodlaa,— If.  in    the  ab( 

experiment,  any  vapour  or  gas  be  admitted  after  the  vacuum  has  been  ma 

the  sound  of  the  bell  will  be  heard,  showing  thai  sound  is  propagated  in  t 

Sound  is  also  propagated  in  liquids.  When  (wo  bodies  strike  t^ai 
each  other  under  water  the  shock  is  distinctly  heard.  And  a  diver  at  ■ 
bottom  of  the  water  can  hear  the  sound  of  voices  on  the  bank. 

The  conduclibilily  of  solids  is  such,  thai  the  faint  scratching  of  a  pen 
the  end  of  a  long  piece  of  wood  is  heard  at  the  other  end.     The  earth  o 
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ducts  sound  so  well,  that  at  night,  when  the  ear  is  applied  to  the  ground,  the 
stepping  of  horses,  or  any  other  noise  at  a  great  distance,  is  heard. 

225.  Fr«pairatloii  of  sovnd  la  tlie  air. — In  order  to  simplify  the  theory 
of  the  propagation  of  sound  in. the  air,  we  shall  first  consider  the  case  in 
which  it  is  propagated  in  a  cylindrical  tube  of  indefinite  length.  Let  MN, 
fig.  195,  be  a  tube  filled  with  air  at  a  constant  pressure  and  temperature,  and 
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let  P  be  a  piston  oscillating  rapidly  from  A  to  a.  When  the  piston  passes 
^  A  to  a  it  compresses  the  air  in  the  tube.  But  in  consequence  of  the 
gresu  compressibility,  the  condensation  of  the  air  does  not  take  place  at  once 
tlmNigbout  the  whole  length  of  the  tube,  but  solely  within  a  certain  length, 
<H,  which  is  called  the  condensed  wave. 

If  the  tube  MN  be  supposed  to  be  divided  into  lengths  equal  to  <zH,  and 
^  of  these  lengths  divided  into  layers  parallel  to  the  piston,  it  may  be 
shown  by  calculation,  that  when  the  first  layer  of  the  wave  aW.  comes  to  rest, 
the  motion  is  communicated  to  the  first  layer  of  the  second  wave  HH',  and 
soon  from  layer  to  layer  in  all  parts  of  H'H",  H"H'".  The  condensed 
*avc  advances  in  the  tube,  eacih  of  its  parts  having  successively  the  same 
degree  of  velocity  and  condensation. 

^^'hen  the  piston  returns  in  the  direction  rzA,  a  vacuum  is  produced 
behind  it,  which  causes  an  expansion  of  the  air  in  contact  with  its  posterior 
^ce.  The  next  layer  expanding  in  turn  brings  the  first  to  its  original  state 
of  condensation,  and  so  on  from  layer  to  layer.  Thus  when  the  piston  has 
returned  to  A,  an  expanded  wave  is  produced  of  the  same  length  as  the  con- 
densed wave,  and  directly  following  it  in  the  tube  where  they  are  propagated 
together,  the  corresponding  layers  of  the  two  waves  possessing  equal  and 
contrary  velocities. 

The  whole  of  a  condensed  and  expanded  wave  fo-ms  an  undulation  ;  that 
is,  an  undulation  comprehends  that  part  of  the  column  of  air  affected  during 
the  backward  and  foru'ard  motion  of  the  piston.  The  length  of  an  undula- 
tion is  the  space  which  sound  traverses  during  a  complete  vibration  of  the 
hody  which  produces  it.  This  length  is  less  in  proportion  as  the  vibrations 
are  more  rapid. 

It  is  important  to  remark  that  if  we  consider  a  single  row  of  particles, 
*hich  when  at  rest  occupy  a  line  parallel  to  the  axis  of  the  cylinder,  for 
instance,  those  along  AH"  (fig.  195),  we  shall  find  they  will  have  respectively 
3t  the  same  instant  all  the  various  velocities  which  the  piston  has  had  suc- 
'e$sivcly  while  oscillating  from  A  to  <i  and  back  to  A.  So  that  if  in  fig.  38 
'^H' represents  the  length  of  one  undulation,  the  curved  line  HTQA  will 
represent  the  various  velocities  which  all  the  points  in  the  line  AH' have 
^i^nultMneously :  for  instance,  at  the  instant  the  piston  has  returned  to  A, 
the  panicle  at  M  will  be  moving  to  the  right  with  a  velocity  represented  b^ 
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QM,  the  particle  at  N  will  be  moving  to  the  left  with  a  velocity  represented 
by  PN,  ai\d  so  on  of  the  other  particles. 

When  an  undulatory  motion  is  transmitted  through  a  medium,  the 
motions  of  <iny  two  particles  are  said  to  be  in  the  same  phase  when  thoie 
particles  move  with  equal  velocities  in  the  same  direction  ;  the  motions 
are  said  to  be  in  opposite  phases  when  the  particles  move  with  the  same 
velocities  in  opposite  directions.  It  is  plain,  from  an  inspection  of  fig.  38, 
that  when  any  two  particles  are  separated  by  a  distance  equal  to  half  an  un* 
(lulation,  their  motions  arc  always  in  opposite  phases,  but  if  their  distance 
equals  the  lenp^h  of  a  complete  undulation  their  motions  are  in  the  same 
phase.  A  little  consideration  will  show  that  in  the  condensed  werne  the  con- 
densation will  be  greatest  at  the  middle  of  the  wave,  and  likewise  that  the 
expanded  ivave  will  be  most  rarefied  at  its  middle. 

It  is  an  easy  transition  from  the  explanation  of  the  motion  of  sonorous  waves 
in  a  cylinder  to  that  of  their  motion  in  an  unenclosed  medium.  It  is  simply 
necessary  to  apply,  in  all  directions,  to  each  molecule  of  the  vibrating  body, 
what  has  been  said  about  a  piston  movable  in  a  tiibe.  A  series  of  spherical 
waves  alternately  condensed  and  rarefied  is  produced  around  each  centre  of 
disturbance.  As  these  waves  are  contained  within  two  concentrical  spherical 
surfaces,  whose  radii  gradually  increase,  while  the  length  of  the  undulation 
remains  the  same,  their  mass  increases  with  the  distance  from  the  centre  of 
disturbance,  so  that  the  amplitude  of  the  vibration  of  the  molecules  gradually 
lessens,  and  the  intensity  of  the  sound  diminishes. 

It  is  these  spherical  waves,  alternately  condensed  and  expanded,  which 
in  being  propagated  transmit  sound.  If  many  points  are  disturbed  at  the 
same  time,  a  system  of  waves  is  produced  around  each  point.  But  all  thcs< 
waves  are  transmitted  one  through  the  other  without  modifying  either  theii 
lengths  or  their  velocities.  Sometimes  condensed  or  expanded  waves  coincidi 
with  others  of  the  same  nature  to  produce  an  effect  equal  to  their  sum  :  some 
times  they  meet  and  produce  an  effect  equal  to  their  difference.  If  the  sur 
face  t)f  still  water  is  disturbed  at  two  or  more  points,  the  co-existence  o 
waves  becomes  sensible  to  the  eye. 

226.  Oanses  wbiob  influenoe  the  Intensity  of  eoand. — Many  causes 
modify  the  force  or  the  intensity  of  sound.  These  are  the  distance  of  th< 
sounding  body,  the  .amplitude  of  the  vibrations,  the  density  of  the  air  at  th< 
place  where  the  sound  is  produced,  the  direction  of  the  currents  of  air,  and 
lastly,  the  neighbourhood  of  other  sounding  bodies. 

i .  The  intensity  of  sound  is  inversely  as  the  square  of  the  distance  of  th. 
sonorous  body  from  the  ear.  This  law  has  been  deduced  by  calculation,  bu 
it  maybe  also  demonstrated  experimentally.  Let  us  suppose  several  sound; 
of  equal  intensity — for  instance,  bells  of  the  same  kind,  struck  by  ham 
mers  of  the  same  weight,  falling  from  equal  heights.  If  four  of  these  belli 
are  placed  at  a  distance  of  20  yards  from  the  ear,  and  one  at  a  distance  o 
10  yards,  it  is  found  that  the  smgle  bell  produces  a  sound  of  the  sam< 
intensity  as  the  four  bells  struck  simultaneously.  Consequently,  for  doubh 
the  distance  the  intensity  of  the  sound  is  only  one-fourth.  A  methoc 
of  comparing  the  intensities  of  different  sounds  will  be  described  after 
wards  (289). 

The  distance  at  which  sounds  can  be  heard  depends  on  their  intensity 


Md  the  amplitude  of  the  vibrations  is  readily  observed  by  n 
'ords.     For  if  the  cords  are  somewhat  long,  Ihe  oscillations  a 
ilhe  ej'e,  and  it  is  seen  that  the  sound  is  feebler  in  proportion  as  the  ; 
'  nf  ihe  oscillations  decreases. 

lii.  The  intensity  of  sound  depends  on  Ike  density  of  ihe  air  in  the  placi 
vkick  it  it  produced.     As  wc  havealrcady  seen  (222),  when  an  alarum  it 
by  clockwork  is  placed  under  the  bell-jar  of  an  air-pump,  the  sound  becomes 
■cikei  in  proportion  as  the  air  is  raretied. 

In  hydro(;en,  which  is  about  }^  the  density  of  air,  sounds  are  much 
Iwblcr.  although  the  pressure  is  the  same,  in  carbonic  acid,  on  the  con- 
tfiiy,  whose  density  is  1-529,  sounds  are  more  intense.  On  high  mountains, 
•bwc  the  air  is  much  rarefied,  it  is  necessary  to  speak  with  some  effort  in 
I  be  ItCRrd,  and  the  discharge  of  a  gun  produces  only  a  feeble  sound. 
Tte  ticking  of  a  natch  is  heard  in  water  at  a  diatanceof  23  feet,  inoil  of  16^, 
inakohol  of  tj.  and  in  air  of  only  10  feet. 

iv.  The  inleiisity  of  sound  is  modified  by  the  mottim  if  the  atmosphere, 
i»i  the  direction  of  the  "wind.  In  calm  weather  sound  is  always  belter 
riapagaied  than  when  there  is  wind  ;  in  the  latter  case,  for  an  equal  d 
MKind  Is  more  intense  in  the  direction  of  the  wind  than  in  the  contrary 

V.  Lastly;  sound  is  strengthened  by  the  neighbourhood  of  n  sonorous  body. 
A  unng  nnftde  to  vibrate  in  free  air  has  but  a  ver>-  feeble  sound  ;  but  when  it 
>ibrates  above  a  sounding- 
boi,  AS  in  the  case  of  the 
•TOlin,  guitar,  or  viplonccUo, 
><>  wund  is  much  stronger, 
Thii  arises  from  Ihe  fact 
Ibu  the  box  and  the  air 
■tiich  it  contains  vibrate 
with  the  string. 
Hence  the  use  of  sounding- 
stringed  instru- 
nani. 

.—The 
ippitjius  n'prcscnted  in 
K  iffi  "31  u^cd  by  Savart 
10  show  Ihe  influence  of 
l"iej     in      strengthening 

hoTuiphencal  brau 
A.  which  is  set  in  vibration 
^7  means  uf  a  violin  bnw, 
tWd  at  ihc  further  end.     By 
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llie  c>']inder  is  fixed  on  a  slide,  C,  by  which  means  it  can  be  placed  at  any 
distance  from  A.  When  the  vessel  is  made  to  vibrate,  the  strengthening  of 
the  sound  is  very  remarkable.  But  the  sound  loses  almost  all  its  intensity 
if  the  cylinder  is  turned  away,  and  it  becomes  gradually  weaker  when  the 
cylinder  is  removed  to  a  greater  distance,  showing  that  the  strengthening 
is  due  to  the  vibration  of  the  air  in  the  c>'linder. 

The  cylinder  B  is  made  to  vibrate  in  unison  with  the  brass  vessel  by  ad- 
justing it  to  a  certain  depth,  which  is  effected  by  making  one  part  slide  into 
the  other. 

Vitruvius  states  that,  in  the  theatres  of  the  ancients,  resonant  brass  vessels 
were  placed  to  strengthen  the  voices  of  the  actors. 

228.  Znflaence  of  tnbes  on  tlie  trmnuBission  of  soiuid. — The  law  that 
the  intensity  of  sound  increases  in  inverse  proportion  to  the  square  of  the 
distance  does  not  apply  to  the  case  of  tubes,  especially  if  they  are  straight 
and  cylindrical.  The  sound  waves  in  that  case  are  not  propagated  in  the 
form  of  increasing  concentrical  spheres,  and  sound  can  be  transmitted  to  a 
great  distance  without  any  perceptible  alteration.  Biot  found  that  in  one 
of  the  Paris  water-pipes,  ip4o  yards  long,  the  voice  lost  so  little  of  its  inten- 
sity, that  a  conversation  could  be  kept  up  at  the  ends  of  a  tube  in  a  very  low 
tone.  The  weakening  of  sound  becomes,  however,  perceptible  in  tubes  of 
large  diameter,  or  where  the  sides  are  rough.  This  property  of  transmitting 
sounds  was  tirst  used  in  England  for  speaking  tubes.  They  consist  of  caout- 
chouc or  metal  tubes  of  small  diameter  passing  from  one  room  to  another.  If 
a  person  speaks  at  one  end  of  the  tube,  he  is  distinctly  heard  by  a  person 
with  his  ear  at  the  other  end. 

From  Biot's  experiments  it  is  evident  that  a  communication  might  be 
made  between  two  tomis  by  means  of  speaking  tubes.  The  velocity  of  sound 
is  1,125  feet  in  a  second  at  i6'''6  C,  so  that  a  distance  of  50  miles  would  be 
traversed  in  four  minutes. 

229.  &eriiaiiit*s  ezperimeats. — Theoretically,  a  sound-wave  should  be 
propagated  in  a  straight  cylindrical  tube  with  a  constant  intensity.  Regnault 
found,  however,  that  in  these  circumstances  the  intensity  of  sound  gradually 
diminishes  with  the  distance,  and  that  the  distance  at  which  it  ceases  to  be 
audible  is  nearly  proportional  to  the  diameter  of  the  tube. 

He  produced  sound-waves  of  equal  strength  by  means  of  a  small  pistol 
charged  with  a  gramme  of  powder,  and  fired  at  the  open  ends  of  tubes  of 
various  diameters  ;  and  he  then  ascertained  the  distance  at  which  the  sound 
could  no  longer  be  heard,  or  at  which  it  ceased  to  act  on  what  he  calls  a 
sensitive  membrane.  This  was  a  ver>'  flexible  membrane  which  could  be 
tixed  across  the  tube  at  various  distances,  and  was  provided  with  a  small 
metal  disc  in  its  centre.  When  the  membrane  began  to  vibrate,  this  disc 
struck  against  a  metallic  contact,  and  thereby  closed  a  voltaic  circuit,  which 
traced  on  a  chronograph  the  exact  moment  at  which  the  membrane  received 
the  sound-wave. 

Experimenting  in  this  manner,  Regnault  found  that  the  report  of  a  pistol 
charged  as  stated  is  no  longer  audible  at  a  distance  of 

1,159  metres  in  a  tube  of      .        .        .        .    •    .    6"- 108  diameter. 
3,810        „                „             .                 ...    o«-300        „ 
9o4o        „  „  i-ioo        „ 
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The  soand-wave,  of  which  these  numbers  represent  the  limit  of  distance  at 
which  it  is  no  longer  heard,  still  acts  on  the  membrane  at  the  distances  of 
4,156,  11,450,  and  19,851  metres  respectively. 

According  to  Regnault  the  principal  cause  of  this  diminution  of  intensity 
is  the  loss  of  vis  viva  against  the  sides  of  the  tube  :  he  found  also  that  sounds 
of  high  pitch  are  propagated  in  tubes  less  easily  than  those  of  low  ones  ;  a 
bass  would  be  heard  at  a  greater  distance  than  a  treble  voice. 

250.  ▼eloeity  of  soiuid  in  Air. — Since  the  propagation  of  sound 
waves  is  gradual,  sound  requires  a  certain  time  for  its  transmission  from  one 
place  to  another,  as  is  seen  in  numerous  phenomena.  For  example,  the 
sound  of  thunder  is  only  heard  some  time  after  the  flash  of  lightning  has  been 
seen,  although  both  the  sound  and  the  light  are  produced  simultaneously ; 
and  in  like  manner  we  see  a  mason  in  the  act  of  striking  a  stone  before 
hearing  the  sound. 

The  velocity  of  sound  in  air  has  often  been  the  subject  of  experimental 
detennination.  The  most  accurate  of  the  direct  measurements  was  made  by 
Moll  and  Van  Beck  in  1823.  Two  hills,  near  Amsterdam,  Kooltjesberg  and 
Zevenboomen,  were  chosen  as  stations  :  their  distance  from  each  other  as 
determined  trigonometrically  was  57,971  feet,  or  nearly  eleven  miles. 
Cannons  were  fired  at  stated  intervals  simultaneously  at  each  station,  and  the 
time  which  elapsed  between  seeing  the  flash  and  hearing  the  sound  was 
noted  by  chronometers.  This  time  could  be  taken  as  that  which  the  sound 
required  to  travel  between  the  two  stations ;  for  it  will  be  subsequently  seen 
that  light  takes  an  inappreciable  time  to  traverse  the  above  distance.  In- 
troducing corrections  for  the  barometric  pressure,  temperature,  and  hygro- 
metric  state,  and  eliminating  the  influence  of  the  wind,  Moll  and  Van  Beck's 
results  as  recalculated  by  Schroder  van  der  Kolk  give  109278  feet  as  the 
velocity  of  sound  in  one  second  in  dry  air  at  0°  C.  and  under  a  pressure  of 
760  mm.  Kendall,  in  a  North  Pole  expedition,  found  that  the  velocity  of 
sound  at  a  temperature  of  -40°  was  314  metres. 

The  velocity  of  sound  at  zero  may  be  taken  at  1,093  ^^^^  o**  TiTiZ  metres. 
This  velocity  increases  with  the  increase  of  temperature ;  it  may  be  calcu- 
lated for  a  temperature  /°  from  the  formula 

V-  1093  \/  (i  +0*003665/) 

where  1093  is  the  velocity  in  feet  at  0°  C,  and  0003665  the  coefficient  of  ex- 
pansion for  1°  C.  This  amounts  to  an  increase  of  nearly  two  feet  for  every 
degree  Centigrade.  For  the  same  temperature  it  is  independent  of  the  density 
of  the  air,  and  consequently  of  the  pressure.  It  is  the  same  for  the  same 
temperature  with  all  sounds,  whether  they  be  strong  or  weak,  deep  or  acute. 
Hioc  found,  in  his  experiments  on  the  conductivity  of  sound  in  tubes,  that 
when  a  well-known  air  was  played  on  a  flute  at  one  end  of  a  tube  1,040  yards 
long,  it  was  heard  without  alteration  at  the  other  end,  from  which  he  con- 
cluded that  the  velocity  of  different  sounds  is  the  same.  For  the  same 
reason  the  tune  played  by  a  band  is  heard  at  a  great  distance  without  altera- 
tion, except  in  intensity,  which  could  not  be  the  case  if  some  sounds  travelled 
more  rapidly  than  others. 

This  cannot,  however,  be  admitted  as  universally  true.  EAmshaw,  by  a 
mathematical  investigation  of  the  laws  of  the  propagation  of  sound,  concludes 
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that  the  velocity  of  a  sound  depends  on  its  strength  ;  and,  accordingly,  that 
a  violent  sound  ought  to  be  propagated  with  greater  velocity  than  a  gentler 
one.  This  conclusion  is  confirmed  by  an  observation  made  by  Captain 
Parry  on  his  Arctic  expedition.  During  artillery  practice  it  was  found,  by 
persons  stationed  at  a  considerable  distance  from  the  guns,  that  the  report 
of  the  cannon  was  heard  before  the  command  to  fire  given  by  the  officer.  And 
more  recently,  Mallet  made  a  series  of  experiments  on  the  velocity  with  which 
sound  is  propagated  in  rocks,  by  observing  the  times  which  elapsed  before 
blastings,  made  at  Holyhead,  were  heard  at  a  distance.  He  found  that  the 
larger  the  charge  of  gunpowder,  and  therefore  the  louder  the  report,  the  more 
rapid  was  the  transmission.  With  a  charge  of  2,000  pounds  of  gimpowder 
the  velocity  was  967  feet  m  a  second,  while  with  a  charge  of  12,000  it  was 
1,210  feet  in  the  same  time. 

Jacques  made  a  series  of  experiments  by  firing  different  weights  of  pow- 
der from  a  cannon,  and  observing  the  velocity  of  the  report  at  different 
distances  from  the  gun  by  means  of  an  electrical  arrangement.  He  thus 
found  that,  nearest  the  gun,  the  velocity  is  least,  increasing  to  a  certain 
maximum  which  is  considerably  greater  than  the  average  velocity.  The 
velocity  is  also  greater  with  the  heavier  charge.  Thus  with  a  charge  of 
\h  pound  the  velocity  was  1187,  and  with  a  charge  of  J  pound  it  was 
1032  at  a  distance  of  from  30  to  50  feet  ;  while  at  a  distance  of  70  to  80 
it  was  1 267  and  1 120 ;  and  at  90  to  100  feet  it  was  1262  and  1 1 14  respectively. 

Hravais  and  Martins  found,  in  1844,  that  sound  travelled  with  the  same 
velocity  from  the  base  to  the  summit  of  the  Faulhom,  as  from  the  summit  to 
the  base. 

231.  Calenlation  of  tbe  Teloolty  of  soand  in  rases. — From  theoretical 
considerations  Newton  gave  a  rule  for  calculating  the  velocity  of  sound  in 
gases,  which  may  be  represented  by  the  fonnula 

e 


'"^2 


in  which  v  represents  the  velocity  of  the  sound,  or  the  distance  it  travels  in 
a  second,  e  the  elasticity  of  the  gas,  and  d  its  density. 

This  formula  expresses  that  the  velocity  of  the  propagation  of  sound  in 
i^ases  is  directly  as  the  square  root  of  the  elasticity  of  the  gas^  and  inversely 
as  the  square  root  of  its  density.  It  follows  that  the  velocity  of  sound  is  the 
same  under  any  pressure  ;  for  although  the  elasticity  increases  with  increased 
pressure,  according  to  Hoyle's  law,  the  density  increases  in  the  same  ratio. 
At  Quito,  where  the  mean  pressure  is  only  21-8  inches,  the  velocity  is  the 
same  as  at  the  sea-level,  provided  the  temperature  is  the  same. 

Now  the  measure  of  the  elasticity  of  a  gas  is  the  pressure  to  which  it  is 
subjected  ;  hence,  \{ g  be  the  force  of  gravity,  //  the  barometric  height  reduced 
to  the  temperature  zero,  and  h  the  density  of  mercury,  also  at  zero,  then  for 
a  gas  under  the  ordinary  atmospheric  pressure  and  for  zero,  e^ghh  :  New- 
ton's formula  accordingly  becomes 

Now,  if  we  suppose  the  temperature  of  a  gas  to  increase  from  0°  to  /°,  its 
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volume  will  increase  from  unity,  at  zero,  to  i  -^atdXt^a  being  the  coefficient 
of  expansion  of  the  gas.  But  the  density  varies  inversely  as  the  volume, 
therefore  d  becomes  ^  -i-  (i  +  a/).    Hence 


^-  ^^■f*?(i  +  «/) 


Substituting  in  this  formula  the  values  in  centimetres  and  granmies, 
/- 981,  A  «  76,  ^- 0*001293,  we  get  for  the  valuer  a  number  29,795  centi- 
metres >»  297*95  metres,  which  is  considerably  less  than  the  experimental 
result.  Laplace  assigned  as  a  reason  for  this  discrepancy  the  heat  produced 
by  pressure  in  the  condensed  waves  ;  and,  by  considerations  based  on  this 
idea,   Poisson  and  Biot  found  that  Newton's  formula  ought  to  be  written 

v*   A/^iC*  +^    ^;  ^  being  the  specific  heat  of  the  gas  for  a  constant 
\    a  c 

pressure,  and  c'  its  specific  heat  for  a  constant  volume  (460).  The  average 
^-alue  of  this  constant  is  1*4,  and  if  the  formula  be  modified  by  the  intro- 
duction of  the  value  >/r4  the  calculated  numbers  agree  with  the  experi- 
mental results. 

tc 
The  physical  reason  for  introducing  theconstant  a  /  ^  into  the  equation 

for  the  velocity  of  sound  may  be  understood  from  the  following  considera- 
tions : — We  have  already  seen  (225)  that  sound  is  propagated  in  air  by  a 
series  of  alternate  condensations  and  rarefactions  of  the  layers.  At  each 
condensation  heat  is  evolved,  and  this  heat  increases  the  elasticity,  and  thus 
the  rapidity  with  which  each  condensed  layer  acts  on  the  next ;  but  in  the 
rarefaction  of  each  layer  the  same  amount  of  heat  disappears  as  was  deve- 
loped by  the  condensation,  and  its  elasticity  is  diminished  by  the  cooling. 
The  effect  of  this  diminished  elasticity  of  the  cooled  layer  is  the  same  as  if 
the  elasticity  of  an  adjacent  wave  had  been  increased,  and  the  rapidity  with 
vhich  this  latter  would  expand  upon  the  dilated  wave  would  be  greater. 
Thus,  while  the  average  temperature  of  the  air  is  unaltered,  both  the  heating 
which  increases  the  elasticity,  and  the  chilling  which  diminishes.it,  concur 
in  increasing  the  velocity. 

Knowing  the  velocity  of  sound,  we  can  calculate  approximately  the  dis  - 
tance  at  which  it  is  produced.  Light  travels  with  such  velocity  that  the 
flash  or  the  smoke  accompanying  the  report  of  a  gun  may  be  considered  to 
be  seen  simultaneously  with  the  explosion.  Counting  then  the  number  of 
seconds  which  elapse  between  seeing  the  flash  and  hearing  the  sound,  and 
multiplying  this  number  by  1125,  we  get  the  distance  in  feet  at  which  the 
j;un  is  discharged.  In  the  same  way  the  distance  of  thunder  may  be 
estimated. 

232.  ▼eloettjr  of  soiuid  in  Tarious  rases. — Approximately  the  same 
results  have  been  obtained  for  the  velocity  of  sound  in  air  by  another  method, 
b>-  which  the  velocity  in  other  gases  could  be  determined.  As  the  wave- 
lcn;^h  X  is  the  distance  which  sound  travels  during  the  time  of  one  oscillation, 

that  is,      of  a  second,  the  velocity  of  sound  or  the  distance  traversed  in  a 
n 

>e'.ond  isT/-/»X.  Now  the  length  of  an  open  pipe  is  half  the  wave-length 
of  the  fundamental  note  of  that  pipe  ;  and  that  of  a  closed  pipe  is  a  quarter 
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of  the  wave-length  (275).  Hence,  if  we  know  the  number  of  vibrations  of 
the  note  emitted  by  any  particular  pipe,  which  can  be  easily  ascertained  by 
means  of  a  syren,  and  we  know  the  length  of  this  pipe,  we  can  calculate  ?'. 
Taking  the  temperature  into  account,  Wertheim  found  in  this  way  1,086  feet 
for  the  velocity  of  sound  in  air  at  zero. 

Further,  since  in  different  gases  which  have  the  same  elasticity,  but  differ 
in  density,  the  velocity  of  sound  varies  inversely  as  the  square  root  of  the 
density,  knowing  the  velocity  of  sound  in  air,  we  may  calculate  it  for  other 
gases  ;  thus  in  hydrogen  it  will  be 


iog3 


4168  feet. 


\/oo688 

This  number  cannot  be  universally  accurate,  for  the  coefficient  — ,  differs 

somewhat  in  different  gases.  And  when  pipes  were  sounded  with  different 
gases,  and  the  number  of  vibrations  of  the  notes  multiplied  with  twice  the 
length  of  the  pipe,  numbers  were  obtained  which  differed  from  those  cal- 
culated by  the  above  formula.    When,  however,  the  calculation  was  made 

introducing  for  each  gas  its  special  value  of  .. ,  the  theoretical  results  agreed 

very  well  with  the  observed  ones. 

By  the  above  method  the  following  values  have  been  obtained  : — 

Chlorine 

Carbonic  acid 

Oxygen 

Air 

Carbonic  oxide 

Hydrogen 

233.  Boppler's  principle. — When  a  sounding  body  approaches  the  ear, 
the  tone  perceived  is  somewhat  higher  than  the  true  one  ;  but  if  the  source 
of  sound  recedes  from  the  ear,  the  tone  perceived  is  lower.  The  truth  of 
this,  which  is  known  as  Dofipiet^s principle^  will  be  apparent  from  the  follow- 
ing considerations  : — When  the  source  of  sound  and  the  ear  are  at  rest,  the 
ear  perceives  n  waves  in  a  second  ;  but  if  the  ear  approaches  the  sound,  or 
the  sound  approaches  the  ear,  it  perceives  more  ;  just  as  a  ship  meets  more 
waves  when  it  ploughs  through  them  that  if  it  is  at  rest.  Conversely,  the  ear 
receives  a  smaller  number  when  it  recedes  from  the  source  of  sound.  The 
effect  in  the  first  case  is  as  if  the  sounding  body  emitted  more  vibrations  in 
a  second  than  it  really  does,  and  in  the  second  case  fewer.  Hence  in  the 
first  case  the  note  appears  higher  ;  in  the  second  case  lower. 

If  the  distance  which  the  ear  traverses  in  a  second  towards  the  source  of 
sound  (supposed  to  be  stationary)  is  s  feet,  and  the  wave-length  of  the  par- 


677  ft. 

in 

a  second. 

856 

>» 

1040 

j» 
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ticular  tone  is  X  feet,  then  there  are  -waves  in  a  second;  or  also 


ns 


for 


X  s=  i  ,  where  c  is  the  velocity  of  sound  (230).     Hence  the  ear  receives  not 


;/ 


fts 


only  the  //  original  waves,  but  also       in  addition.      Therefore  the  number 

c 


!> 
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of  vibrations  which  the  ear  actually  pi^i^^es  is 

for  an  ear  which  approaches  a  Ae ;  Tmd  by  similar  reasoning  it  is 


,  ns 

c 


n  (,  -f) 

for  in  ear  receding  from  a  tone. 

To  test  Doppler's  theory  Buys  Ballot  stationed  trumpeters  on  the  Utrecht 
Railways  and  also  upon  locomotives,  and  had  the  height  of  the  approaching 
or  receding  tones  compared  with  stationary  ones  by  musicians.  He  thus 
found  both  the  principle  and  the  formula  fully  confirmed.  Similar  conclu- 
sive experiments  were  made  by  Scott  Russell  on  English  railways.  The 
observation  may  often  be  made  as  a  fast  train  passes  a  station  in  which 
an  electrical  alarum  is  sounding.  Independently  of  the  difference  in  loud- 
ness, an  attentive  ear  can  detect  a  difference  in  pitch  on  approaching  or  on 
leaving  the  station.  A  speed  of  about  40  miles  an  hour  sharpens  the  note 
of  the  whistle  of  an  approaching  train  by  a  semitone,  and  flattens  it  to  that 
extent  as  the  train  recedes. 

Doppler's  principle  is  also  established  by  laboratory  experiments. 
Kollmann  fixed  a  long  rod  on  a  turning  machine,  at  the  end  of  which  was  a 
large  glass  bulb  with  a  slit  in  it,  which  sounded  like  a  humming-top,  when  a 
tangential  current  of  air  was  blown  against  the  slit.  The  uniform  and 
sufficiently  rapid  rotation  of  the  sphere  developed  such  a  current*  and  pro- 
duced a  steady  note,  the  pitch  of  which  was  higher  or  lower  in  each  rotation 
according  as  the  bulb  came  nearer,  or  receded  from,  the  observer. 

234.  ▼elooltx  of  sonnd  in  li^piids. — The  velocity  of  sound  in  water 
vas  investigated  in  1827  by  Colladon  and  Sturm.  They  moored  two  boats 
at  a  known  distance  in  the  Lake  of  Geneva.  The  first  supported  a  bell 
immersed  in  water,  and  a  bent  lever  provided  at  one  end  with  a  hammer 
vhich  struck  the  bell,  and  at  the  other  with  a  lighted  wick,  so  arranged  that 
it  ignited  some  powder  the  moment  the  hammer  struck  the  bell.  To  the 
second  boat  was  affixed  an  ear-trumpet,  the  bell  of  which  was  in  water, 
while  the  mouth  was  applied  to  the  ear  of  the  obser\'er,  so  that  he  could 
measure  the  time  between  the  flash  of  light  and  the  arrival  of  sound  by  the 
*atcr.  By  this  method  the  velocity  was  found  to  be  4,708  feet  in  a  second 
at  the  temperature  8^*j,  or  four  times  as  great  as  in  air. 

The  velocity  of  sound,  which  is  different  in  different  liquids,  can  be  cal- 
culated by  a  formula  analogous  to  that  given  above  (230)  as  applicable  to 

gases,  that  isz/-    A/^^  /    J  ^"^  which  ^,  ^,  and  h  have  their  previous  signi- 

licance ;  while  /x  is  the  coefficient  of  the  compressibility  for  the  liquid  in 
(|uestion — that  is,  its  diminution  in  volume  by  a  pressure  of  one  atmosphere — 
and //is  the  density.  In  this  way  were  obtained  the  numbers  given  in  the 
following  table.  As  in  the  case  of  gases,  the  velocity  varies  with  the  tem- 
perature, which  is  therefore  appended  in  each  case. 

Kivcr  water  (Seine)  .        .    13®  C.   -  4714  ft.  in  a  second. 

„  y,  ...     30        -   5013  „ 
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a  second. 


Artificial  sea-u 
Solution  of  c< 

„        „    chloride  of  4 
Absolute  alco 
Turpentine 
Ether      . 

It  will  be  seen  bow  close  is  the  agreement  between  the  two  valoes  ' 
the  velocity  of  sound  in  water,  the  only  case  in  which  they  have  bt 
directly  compared.  There  is  considerable  uncertainty  about  the  valtm  ■ 
other  liquids,  owing  to  the  doubt  as  to  the  values  for  their  campressibilitf 
335.  VaiooitT  of  sound  la  BoUda. — As  a  general  rule,  the  elasticity 
solids,  as  compared  with  the  density,  is  greater  than  that  of  liquids,  a 
consequently  the  propagation  of  sound  is  more  rapid. 

The  difference  is  well  seen  in  an  experiment  by  Biot,who  found  thalwb 
a  bell  was  struck  by  a  hammer,  at  one  end  of  an  iron  tube  3,110  feet  kii 
two  sounds  were  distinctly  heard  at  the  other  end.  The  first  of  these  « 
transmitted  by  the  tube  itself  with  a  velocity  j- ;  and  the  second  by  the  ( 
closed  air  with  a  known  velocity  a.  The  interval  between  the  sounds  « 
2'5  seconds.     The  value  of  x  obtained  from  the  equation 


25 
shows  that  the  velocity  of  sound  in  the  tube  is  nearly  9  ti 


that  it 


s  great 


That  the  report  of  the  firing  of  cannon  is  heard  at  far  greater  distam 
than  peals  of  thunder,  is  owing  to  the  fact  that  the  sound  in  the  former  c 
is  mainly  transmitted  through  the  earth. 

To  this  class  of  phenomena  belongs  the  fact  that  if  the  ear  is  held  agai 
a  rock  in  which  a  blasting  is  being  made  at  a  distance,  two  distinct  repc 
are  heard — one  transmitted  through  the  rock  to  the  ear,  and  the  other  tra 
mitted  through  the  air.  The  conductivity  of  sound  in  solids  is  also  1 
illustrated  by  the  fact  that  in  manufacturing  telegraph  wires  the  filing  at  I 
particular  part  can  be  heard  at  distances  of  miles  by  placing  one  end  of 
wire  in  the  ear.     The  toy  telephone  also  is  based  on  this  fact. 

The  velocity  of  sound  in  wire  has  also  been  determined  theoretically 


Wertheim  and  others,  by  the  formula  v~  \l%> 


i  the  modu 


it  volume,  which  is  equal  to 
e,  divided  by  the  acceleratiot 


of  elasticity  (89),  while  d  is  the  n 
specific  gravity,  or  the  weight  of  u 
gravity,  °''  t 

This  may  be  illustrated  from  a  determination  by  Wertheim  of  ' 
velocity  of  sound  in  a  specimen  of  annealed  steel  wire,  the  specific  gravit 
of  which  was  7'631  and  its  modulus  31,000  (83).  That  is,  a  weight  of  3i,t 
kilogrammes  »'ould  double  unit  length  of  a  wire  1  sq.  mm.  in  cross  sectioi 
this  were  possible  without  exceeding  the  limit  of  elasticity.  This  is  equal 
2,100,000,000  grammes  on  a  wire  one  sq.  cm,  in  cross  section.     Hence 


"V^ 


"7-63 


=  519 


'  17047  feet. 
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TTk  following  table  gives  the  velocity  in  various  bodies,  expressed  in  feet 

per  second : — 

Caoutchouc 

197        Oak 

.     11622 

TJlow      .        .        . 

I 170        Elm 

-     I3S'6 

Wax          ... 

281 1        Walnut    . 

■     15095 

Lead        .        .       . 

4030        Fir  . 

.     IS2.8 

Gold         .         .        . 

5717        Ash . 

-     'S3I4 

Silver 

8553        Steel  wire 

■     15470 

Pine          .         .         . 

10900        Cedar 

.     16503 

Copper      .         .         . 

1 1666        Iron 

.     16823 

la  the  case  of  wood  these 

elocities  are  in  the  directions  0 

the  fibres,  asxA 

are  considerably  greater  than  across  the  rings  or  along 

he  rings ;  thus 

villi  fir  the  velocities  are  4382  and  2572  for  these  directions  respectively. 

Mallei  investigated  the  velocity  of  the  transmission  of  sound  in  various 
neks,  and  found  that  it  is  as  fpllows  : — 

Wet  sand 825  ft.  in  a  second 

Contorted,  stratified  quartz  and  slate  rock  .     1088  „ 

Discontinuous  granite 1306  „ 

Solid  granite 1664  „ 

A  direct  experimental  method  of  determining  the  velocity  of  sound  in 
ulids,  gases,  and  vapours  will  be  described  subsequently  (277). 

If  a  medium  through  which  sound  passes  is  heterogeneous,  the  waves  of 
sound  are  reflected  on  the  diflerent  surfaces,  and  the  sound  becomes  rapidly 
fnlMbled.  I'hus  a  soft  earth  conducts  sound  badly,  while  a  hard  ground 
Kbich  forms  a  compact  mass  conducts  it  well.  So  also  we  hear  badly 
tbrough  air  spaces  which  are  filled  with  porous  materials,  such  as  shavings, 
sawdust,  cinders,  and  the  like. 

236.  maaeetlaii  of  ■onnd.—So  long  as  sound-waves  are  not  obstructed 
ia  their  motion  they  are  propagated  in  the  form  of  concentric  spheres  ;  but 


» hen  they  meet  with  an  obstacle,  they  follow  the  general  law  of  elastic 
bodies  ;  thai  is,  they  return  upon  themselves,  forming  new  concentric  waves, 
V.  hi'-h  seem  to  emanate  from  a  second  centre  on  the  oiher  side  of  the  obstacle. 
This  phenomenon  constitutes  the  reflection  of  sound. 
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^  ig-  '97  represents  a  series  of  incident  waves  reflected  from  an  obstacle 
Py.  Taking,  for  example,  the  incident  wave  MCDN,  emitted  from  the 
centre  A,  the  corresponding  reflected  wave  is  represented  by  the  arc,  CKD, 
of  a  circle  whose  centre  a  is  as  far  behind  the  obstacle  PQ  as  A  is  before  it 

If  any  point,  C,  of  the  reflecting  surface  be  joined  to  the  centre  of  sound, 
and  if  the  perpendicular  CH  be  let  fall  on  the  surface  of  this  body,  the  angle 
ACH  is  called  the  angle  of  incidence^  and  the  angle  BCH,  formed  by  the 
prolongation  of  aC,  is  the  angle  of  reflection. 

The  reflection  of  sound  is  subject  to  the  two  following  laws  : — 

I.  The  angle  of  reflection  Is  equal  to  the  angle  of  Incidence, 

II.  The  Incident  sonorous  ray  and  the  reflected  ray  are  In  the  satne plane 
perpendicular  to  the  reflecting  surface. 

From  these  laws  it  follows  that  the  wave  which  in  the  figure  is  propa- 
gated in  the  direction  AC,  takes  the  direction  CB  after  reflection,  so  that  an 
observer  placed  at  B  hears  a  second  sound,  which  appears  to  come  from  C, 
besides  the  sound  proceeding  from  the  point  A. 

The  laws  of  the  reflection  of  sound  are  the  same  as  those  for  light  and 
radiant  heat,  and  may  be  demonstrated  by  similar  experiments.  One  of  the 
simplest  of  these  is  made  with  conjugate  mirrors  (see  chapter  on  Radiant 
Heat) ;  if  in  the  focus  of  one  of  these  mirrors  a  watch  is  placed,  the  ear 
placed  in  the  focus  of  the  second  mirror  hears  the  ticking  very  distinctly, 
even  when  the  mirrors  are  at  a  distance  of  1 2  or  13  yards. 

237.  Bolioes  and  resonances. — An  echo  is  the  repetition  of  a  sound  in 
the  air,  caused  by  its  reflection  from  some  obstacle. 

A  very  sharp  quick  sound  can  produce  an  echo  when  the  reflecting 
surface  is  55  feet  distant  ;  but  for  articulate  sounds  at  least  double  that 
distance  is  necessar>',  for  it  may  be  easily  shown  that  no  one  can  pronounce 
v>r  hear  distinctly  more  than  five  syllables  in  a  second.  Now,  as  the  velo- 
city of  sound  at  ordinary  temperatures  may  be  taken  at  1 125  feet  in  a  second, 
in  a  fifth  of  that  time  sound  would  travel  225  feet.  If  the  reflecting  surface 
is  1 12'5  feet  distant,  in  going  and  returning  sound  would  travel  through  225 
feet.  The  time  which  elapses  between  the  articulated  and  the  reflected 
sound  would,  therefore,  be  a  fifth  of  a  second,  the  two  sounds  would  not 
interfere,  and  the  reflected  sound  would  be  distinctly  heard.  A  person 
speaking  with  a  loud  voice  in  front  of  a  reflector,  at  a  distance  of  1 12*5  feet, 
can  only  distinguish  the  last  reflected  syllable  :  such  an  echo  is  said  to  be 
monosyllabic.  If  the  reflector  were  at  a  distance  of  two  or  three  times  1 12*5 
feet,  the  echo  would  be  dissyllabic,  trisyllabic^  and  so  on. 

When  the  distance  of  the  reflecting  surface  is  less  than  112*5  feet  the 
direct  and  the  reflected  sound  arc  confounded.  They  cannot  be  heard 
separately,  but  the  sound  is  strengthened.  This  is  what  is  often  called  reso- 
nance,  and  is  frequently  obscr\'ed  in  large  rooms.  Bare  walls  are  \ftxy  reso- 
nant ;  but  tapestry  and  hangings,  which  are  bad  reflectors,  deaden  the 
sound.  To  diminish  or  eliminate  the  effects  of  resonance  is  a  diflficult 
problem  in  the  acoustics  of  the  building  art. 

Multiple  echoes  are  those  which  repeat  the  same  sound  several  times  : 
this  is  the  case  when  two  opposite  surfaces  (for  example,  two  parallel  walls) 
successively  reflect  sound.  There  are  echoes  which  repeat  the  same  sound 
20  or  30  limes.     An  echo  in  the  chateau  of  Simonetta,  in  Italy,  repeats  a 
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sound  50  times.    At  Woodstock  there  is  one  which  repeats  from  17  to  20 
syllables. 

As  the  laws  of  reflection  of  sound  are  the  same  as  those  of  light  and 
heat,  curved  surfaces  produce  acoustic  foci  like  the  luminous  and  calorific 
foci  produced  by  concave  reflectors.  If  a  person  standing  under  the  arch  of 
a  bridge  speaks  with  his  face  turned  towards  one  of  the  piers,  the  sound  is 
reproduced  near  the  other  pier  with  such  distinctness  that  a  conversation 
can  be  kept  up  in  a  low  tone,  which  is  not  heard  by  anyone  standing  in  the 
intermediate  spaces. 

There  is  a  square  room  with  an  elliptical  ceiling,  on  the  ground  floor  of 
the  Conservatoire  des  Arts  ct  Metiers,  in  Paris,  which  presents  this  pheno- 
menon in  a  remarkable  degree  when  persons  stand  in  the  two  foci  of  the 
ellipse. 

Whispering  galleries  are  formed  of  smooth  walls  having  a  continuous 
curved  form.  The  mouth  of  the  speaker  is  presented  at  one  point,  and 
the  ear  of  the  hearer  at  another  and  distant  point.  In  this  case,  the 
sound  is  successively  reflected  from  one  point  to  the  other  until  it  reaches 
the  ear. 

In  the  whispering  gallery  of  St.  Paul's,  the  faintest  sound  is  thus  conveyed 
from  one  side  to  the  other  of  the  dome,  but  it  is  not  heard  at  any  intermediate 
points.  Placing  himself  close  to  the  upper  wall  of  the  Colosseum,  a  circular 
building  130  feet  in  diameter,  Whcatstone  found  a  word  to  be  repeated  a 
great  many  times.  A  single  exclamation  sounded  like  a  peal  of  laughter 
while  the  tearing  of  a  piece  of  paper  resembled  the  patter  of  hail. 

It  is  not  merely  by  solid  surfaces,  such  as  walls,  rocks,  ships'  sails,  &c., 
that  sound  is  reflected.     It  is  also  reflected  by  clouds,  and  it  has  even  been 
shown  by  direct  experiment  that  a  sound  in  passing  from  a  gas  of  one  density 
into  another  is  reflected  at  the  surface  of  separation  as  it  would  be  against 
a  solid  surface.     Now  different  parts  of  the  earth's  surface  are  unequally 
heated  by  the  sun,  owing  to  the  shadows  of  trees,  evaporation  of  water,  and 
other  causes,  so  that  in  the  atmosphere  there  are  numerous  ascending 
and  descending  currents  of  air  of  different  density.     Whenever  a  sound- 
wave passes  from  a  medium  of  one  density  into  another  it  undergoes  partial 
reflection,  which,  though  not  strong  enough  to  form  an   echo,  distinctly 
weakens  the  direct  sound.     This  is  doubtless  the  reason,  as  Humboldt  re- 
marked, why  sound  travels  further  at  night  than  at  daytime,  even  in  the  South 
American  forests,  where  the  animals,  which  are  silent  by  day,  fill  the  atmo- 
sphere at  night  with  thousands  of  confused  sounds.     To  this  may  be  added 
that  at  night  and  in  repose,  when  other  senses  are  at  rest,  that  of  hearing 
becomes  more  acute.  This  is  the  case  with  persons  who  have  become  blind. 
It  has  generally  been  considered  that  fog  in  the  atmosphere  is  a  great 
deadener  of  sound  ;  it  being  a  mixture  of  air  and  globules  of  water,  at  each 
'•f  the  innumerable  surfaces  of  contact  a  portion  of  the  vibration  is  lost. 
The  evidence  as  to  the  influence  of  this  property  is  conflicting  ;  recent  re- 
''earches  of  Tyndall  show  that  a  white  fog,  or  snow,  or  hail,  are  not  important 
obstacles  to  the  transmission  of  sound,  but  that  aqueous  vapour  is.     Expc- 
nments  made  on  a  large  scale,  in  order  to  ascertain  the  best  form  of  fog 
signals,  gave  some  remarkable  results. 

On  some  days  which  optically  were  quite  clear,  certain  sounds  could  not 
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be  heard  at  a  distance  far  inferior  to  that  at  which  they  could  be  heard  < 
during  a  thick  haze.  Tyndall  ascribes  this  result  to  the  presence  in 
atmosphere  of  aqueous  vapour,  which  forms  in  the  air  innumerable  s 
that  do  not  interfere  with  its  optical  clearness,  but  render  it  acoustic 
turbid,  the  sound  being  reflected  by  this  invisible  vapour  just  as  light  h 
the  visible  cloud. 

These  conclusions  first  drawn  from  observations  have  been  verified 
laboratory  experiments.  Tyndall  has  shown  that  a  medium  consistio] 
alternate  layers  of  light  and  heavy  gas,  such  as  coal  gas  and  car 
dioxide,  deadens  sound,  and  also  that  a  medium  consisting  of  alternate  st 
of  heated  and  ordinary  air  exerts  a  similar  influence.  The  same  is  the  < 
with  an  atmosphere  containing  the  vapours  of  volatile  liquids.  So  lon| 
the  continuity  of  air  is  preserved,  sound  has  great  power  of  passing  thro 
the  interstices  of  solids  ;  thus  it  will  pass  through  twelve  folds  of  a  dry 
handkerchief,  but  is  stopped  by  a  single  layer  if  it  is  wetted. 

238.  Reftmotlon  of  sonnd.— It  will  be  found  in  the  sequel  that  rejruc 
is  the  change  of  direction  which  light  and  heat  experience  on  passing  i 
one  medium  to  another.  It  has  been  shown  by  Hajech  that  the  laws  ol 
refraction  of  sound  are  the  same  as  those  for  light  and  heat :  he  used  ti 
filled  with  various  gases  and  liquids,  and  closed  by  membranes  ;  the  m 
brane  at  one  end  was  at  right  angles  to  the  axis  of  the  tube,  while  the  o 
made  an  angle  with  it.  When  these  tubes  were  placed  in  an  aperture  in 
wall  between  two  rooms,  a  sound  produced  in  front  of  the  tube  in  one  re 
that  of  a  tuning-fork  for  instance,  was  heard  in  directions  in  the  o 
varying  with  the  nature  of  the  substance  with  which  the  tube  was  fi 
Accurate  measurements  showed  that  the  law  held  that  the  sines  of  the  a 
of  incidence  and  of  refraction  are  in  a  constant  ratio,  which  is  equal  tc 
ratio  of  the  velocity  of  sound  in  the  two  media. 

Sondhauss  has  confirmed  the  analogy  of  the  refraction  of  sound-w 
to  those  of  light  and  heat.  He  constructed  lenses  of  gas  by  cutting  e 
segments  out  of  a  large  collodion  balloon,  and  fastening  them  on  the 
sides  of  a  sheet  iron  ring  a  foot  in  diameter,  so  as  to  form  a  double  coi 
lens  about  4  inches  thick  in  the  centre.  This  was  filled  with  carbonic  i 
and  a  watch  was  placed  in  the  direction  of  the  axis :  the  point  was 
sought  on  the  other  side  of  the  lens  at  which  the  sound  was  most  distil 
heard.  It  was  found  that  when  the  car  was  removed  from  the  axis, 
sound  was  scarcely  perceptible ;  but  that  at  a  certain  point  on  the  axial 
it  was  very  distinctly  heard.  Consequently,  the  sound-waves  in  pas 
from  the  lens  had  converged  towards  the  axis,  their  direction  had 
changed  ;  in  other  words,  they  had  been  refracted. 

The  refraction  of  sound  may  be  easily  demonstrated  by  means  of  01 
the  very  thin  india-rubber  balloons  used  as  children's  toys,  inflates 
carbonic  acid.  If  the  balloon  be  filled  with  hydrogen,  no  focus  is  detec 
it  acts  like  a  concave  lens,  and  the  divergence  of  the  rays  is  incre; 
instead  of  their  being  converged  to  the  car. 

It  has  long  been  known  that  sound  is  propagated  in  a  direction  ag 
that  of  the  wind  with  less  velocity  than  with  the  wind.  This  is  prob 
due  to  a  refraction  of  sound  on  a  large  scale.  The  velocity  of  wind  a 
the  ground  is  always  considerably  less  than  at  a  greater  height ;  thus 
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velocity  at  a  height  of  8  feet  has  been  observed  to  be  double  what  it  is  at  a 

height  of  one  foot  above  the  ground.     Hence,  the  front  of  a  condensed  wave 

(fig.  195),  which  was  originally  vertical,  becomes  tilted  upwards  and  with  the 

lower  part  forward  ;  and,  as  the  direction  of  the  wave-motion  is  at  right  angles 

to  the  front  of  the  wave,  the  effect  of  the  coalescence  of  a  number  of  these 

Tays  thu$  directed  upwards^  is  to  produce  an  increase  of  the  sound  in  the 

higher  regions.     The  rays  which  travel  with  the  wind  will  for  similar  reasons 

be  refraaed  downwards,  and  thus  the  sound  be  better  heard. 

239.  Speaklaff  trumpet.  Bar  trumpet. — These  instruments  depend 
both  on  the  reflection  of  sound  and  on  its  conductibility  in  tubes. 

The  speaking  trumpet^  as  its  name  implies,  is  used  to  render  the  voice 
^ible  at  great  distances.  It  consists  of  a  slightly  conical  tin  or  brass  tube 
fe  198),  very  much  wider  at  one  end  (which  is  called  the  bell)^  and  provided 
*Tth  a  mouthpiece  at  the  other.  The  larger  the  dimensions  of  this  instru- 
ment the  greater  is  the  distance  at  which  the  voice  is  heard.  Its  action  is 
Dsaally  ascribed  to  the  successive  reflections  of  sound  waves  from  the  sides 
of  the  tube,  by  which  the  waves  tend  more  and  more  to  pass  in  a  direction 
piuallel  to  the  axis  of  the  instrument.     It  has,  however,  been  objected  to 


Fig.  198. 

^h's  explanation,  that  the  sounds  emitted  by  the  speaking  trumpet  are 
'lot  stronger  solely  in  the  direction  of  the  axis,  but  in  all  directions  ;  that  the 
^'1  would  not  tend  to  produce  parallelism  in  the  sound  wave,  whereas  it 
certainly  exerts  considerable  influence  in  strengthening  the  sound.  It  must 
be  said  that  no  satisfactory  explanation  has  been  given  of  the  effect  of  the  bell. 

One  reason  for  the  effect  of  a  speaking  trumpet  is  the  fact  that  the  sound, 
before  it  begins  to  be  diffused,  sets  a  large  column  of  air  in  vibration  and  is 
^Jjus  strengthened. 

The  ear  trumpet  is  used  by  persons  who  are  hard  of  hearing.  It  is 
essentially  an  inverted  speaking  trumpet,  and  consists  of  a  conical  metallic 
'obe,  one  of  whose  extremities,  terminating  in  a  bell^  receives  the  sound,  while 
^be  other  end  is  introduced  into  the  ear.  This  instrument  is  the  reverse  of 
tbc  speaking  trumpet.  The  bell  serves  as  a  mouthpiece  ;  that  is,  it  receives 
^bc  sound  coming  from  the  moiith  of  the  person  who  speaks.  These  sounds 
*f«  transmitted  by  a  series  of  reflections  to  the  interior  of  the  trumpet,  so 
^bat  the  waves  which  would  become  greatly  diffused,  are  concentrated  on 
^bc  ear,  and  produce  a  far  greater  effect  than  divergent  waves  would  have 
done. 

240.  Stetliosoope. — One  of  the  most  useful  applications  of  acoustical 
principles  is  the  stethoscope.  Figs.  199,  200,  represent  an  improved  form  of 
^bis  instrument  devised  by  Konig.  Two  sheets  of  caoutchouc,  c  and  «,  are 
fij^cd  to  the  circular  edge  of  a  hollow  metal  hemisphere ;  the  edge  is  provided 


198 


On  Sound, 


\9i 


with  a  stopcock,  so  that  the  sheets  ran  be  inflated,  and  then  present  the 
pearance  of  a  double  convex  lens,  as  represented  in  section  in  fig.  199. 
a  tubulure  on  the  hemisphere  is  fixed  a  caoutchouc  tube  terminated  by  h 
or  ivory,  ^,  which  is  placed  in  the  ear  (fig.  200). 


Fi^.  199- 


Fig. 
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When  the  membrane  of  the  stethoscope  is  applied  to  the  chest  of  a  s 
person  the  beating  of  the  heart  and  the  sounds  of  respiration  are  transmit 
to  the  air  in  the  chamber  c  n,  and  from  thence  to  the  ear  by  means  of  ' 
flexible  tube.  If  several  tubes  are  fixed  to  the  instrument,  as  many  obsen* 
may  simultaneously  auscultate  the  same  patient. 


'''Ml,  A,  is  connected  wiih  the  loothed  wheel  by  means  of  a  strap  and  a 
•"hiiHying  wheel,  thereby  causing  ihe  toothed  wheel  to  revolve  with  great 
'''Mity;  a  card,  E,  is  fined  on  the  frame,  and,  in  revolving,  the  toothed 
"lin!  strikes  against  it,  and  causes  ii  lo  vibrate.  The  card  being  struck  by 
'Wli  looth,  makes  as  many  vibrations  as  there  arc  teeth.  At  (he  side  of  the 
*PP*nU(U  there  is  an  indicator,  H,  which  gives  the  number  of  revolutions  of 
>**  »heel,  and  consequently  the  number  of  vibrations  in  a  given  lime. 

ftTien  ihe  wheel  is  moved  slowly,  the  separate  shocks  against  the  card 
"t  distinaly  heard  ;  but  if  the  velocity  is  gradually  increased,  the  sound 
Woines  higher  and  higher.  Having  obtained  the  sound  whose  number  of 
itntions  is  to  be  determined,  the  revolition  of  the  wheel  is  continued  with 
't*  wine  velocity  for  a  certain  number  of  seconds.  The  number  of  turns  of 
*(  loothed  wheel  B  is  then  read  off  on  the  indicator,  and  this  multiplied  by 
It  number  of  tcelh  in  the  wheel  gives  the  tool  number  of  vibrations. 
iJividing  this  by  the  corresponding  number  of  seconds,  (he  quotient  gives 
At  number  of  vibrations  per  second  for  the  given  sound. 

— The  s^ren  is  an  apparatus  which,  like  Savarl's  wheel,  is 
■e  the  number  of  vibrations  of  a  body  in  a  given  lime.     The_ 
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name  *  syren  '  was  given  to  it  by  its  inventor,  Cagiiinrd  Lai  our,  because  it 
yields  sounds  under  water. 

It  is  made  entirely  of  brass.  Fig.  202  represents  it  fixed  on  the  table  of 
a  bellows,  by  which  a  continuous  current  of  air  can  be  sent  through  it.  Figs. 
303  and  204  show  the  internal  details.  The  lower  part  consists  of  a  cylin- 
drical box,  O,  closed  by  a  fixed  plate,  II.  On  this  plate  a  vertical  rod,  T,  rests, 
to  which  is  fixed  a  disc,  A,  moving  with  the  rod.  In  the  plate  B  there  are 
equidistant  circular  holes,  and  in  the  disc  A  are  an  equal  number  of  holes  of 
the  same  size,  and  the  same  distance  from  the  centre  as  those  of  the  plate. 
These  holes  are  not  perpendicular  to  the  disc  ;  they  are  all  inclined  to  the 
same  extent  in  the  same  direction  in  the  plate,  and  are  inclined  to  the  same 
extent  in  the  opposite  direction  in  the  disc,  so  that  when  they  are  opposite 
each  other  they  have  the  appearance  represented  in  mn,  fig.  203.    Conse- 


quently, when  a  current  of  air  from  the  bellows  reaches  the  hole  m,  it  strikes 
obliquely  against  the  sides  of  the  hole  »,  and  imparts  to  the  disc  A  a  rotatory 
motion  in  the  direction  ;(A. 

For  the  sake  of  simplicity,  let  us  first  suppose  that  in  the  movable  disc 
A  there  are  eighteen  holes,  and  in  the  fixed  plate  II  only  one,  which  faces 
one  of  the  upper  holes.  The  wind  from  the  bellows  striking  against  the 
sides  of  the  latter,  the  movable  disc  begins  lo  rotate,  and  the  space  between 
two  of  its  consecutive  holes  closes  the  hole  in  the  lower  plate.  But  as  the  ' 
disc  continues  to  turn  from  its  acquired  velocity,  two  holes  are  again  opposite 
each  other,  a  new  impulse  is  produced,  and  so  on.  During  a  complete 
revolution  of  the  disc  the  lower  hole  is  eighteen  times  open  and  eighteen 
times  closed.  A  series  of  effluxes  and  stoppages  is  thus  produced,  which 
makes  the  air  vibrate,  and  ultimately  produces  a  sound  when  the  successive 
impulses  are  sufi^iciently  rapid.  If  the  fixed  plate,  like  the  moving  disc,  had 
eighteen  holes,  each  hole  would  separately  produce  the  same  effect  as  a 
separate  one,  the  sound  would  be  eighteen  times  as  intense,  but  the  number 
of  vibrations  would  not  be  increased. 
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In  order  to  know  the  number  of  vibrations  corresponding  to  the  sound 
produced,  it  is  necessary  to  know  the  number  of  revolutions  of  the  disc  A  in 
a  second.  For  this  purpose  an  endless  screw  on  the  rod  T  transmits  the 
motion  to  a  wheel,  a,  with  loo  teeth.  On  this  wheel,  which  moves  by  one 
tooth  for  every  turn  of  the  disc,  there  is  a  catch  P,  which  at  each  complete 
revolution  moves  one  tooth  of  a  second  wheel,  b  (fig.  204).  On  the  axis  of 
these  wheels  there  are  two  needles,  which  move  round  dials  represented  in 
tig.  202.  One  of  these  indices  gives  the  number  of  turns  of  the  disc  A,  the 
other  the  number  of  hundreds  of  turns.  By  means  of  two  screws,  D  and  C, 
the  wheel  a  can  be  uncoupled  from  the  endless  screw. 

Since  the  pitch  of  the  sound  rises  in  proportion  to  the  velocity  of  the  disc 
A,  the  wind  is  forced  until  the  desired  sound  is  produced.  The  same  current 
'ikept  up  for  a  certain  time— two  minutes,  for  example — and  the  number  of 
turns  read  off.  This  number  multiplied  by  18,  and  divided  by  120,  gives 
the  number  of  vibrations  in  a  second.  For  the  same  velocity  of  rotation  the 
syren  gives  the  same  sound  in  air  as  in  water ;  the  same  is  the  case  with  all 
liases ;  and  it  appears,  therefore,  that  any  given  sound  depends  on  the 
number  of  vibrations,  and  not  on  the  nature  of  the  sounding  body. 

The  buzzing  and  humming  noise  of  certain  insects  is  not  vocal,  but  is 
produced  by  very  rapid  flapping  of  the  wings  against  the  air  ©r  the  body. 
The  syren  has  been  ingeniously  applied  to  count  the  velocity  of  the  undula- 
tions thus  produced,  which  is  effected  by  bringing  it  into  unison  with  the 
^'und.  It  has  thus  been  found  that  the  wings  of  a  gnat  flap  at  the  rate  of 
'5'0oo  times  in  a  second.  If  a  report  is  produced  in  a  space  with  two 
parallel  walls  at  no  great  distance  apart,  the  sound  is  reflected  from  one  to 
the  other  and  reaches  the  ear  at  regular  and  frequent  inter\als  ;  that  is,  the 
repetition  of  the  echo  acts  as  a  note. 

243.  Bellows. — In  acoustics  a  bellows  is  an  apparatus  by  which  wind 
instruments,  such  as  the  syren  and  organ-pipes,  are  worked.  Between  the 
fourie^js  of  a  table  there  is  a  pair  of  bellows,  S  (fig.  205),  which  is  worked 
by  means  of  a  pedal,  P.  I)  is  a  reservoir  of  flexible  leather,  in  which  is 
"itored  the  air  forced  in  by  the  bellows.  If  this  reservoir  is  pressed  by  means 
of  weights  on  a  rod,  T,  moved  by  the  hand,  the  air  is  driven  throt^h  a  pipe, 
F.,  into  a  chest,  C,  fixed  on  the  table.  In  this  chest  there  are  small  holes 
closed  by  leather  valves,  which  can  be  opened  by  pressing  on  keys  in  front 
of  the  box.     The  syren  or  sounding  pipe  is  placed  in  one  of  these  holes. 

244.  blmit  of  porooptiblo  soands. — Previous  to  Savart's  researches, 
physicists  assumed  that  the  ear  could  not  perceive  a  sound  when  the  number 
of  vibrations  was  below  16  for  deep  sounds,  or  above  9,000  for  acute  sounds. 
Hut  he  showed  that  these  limits  were  too  close,  and  that  the  faculty  of  per- 
ceiving sounds  depends  rather  on  their  intensity  than  on  their  height ;  so 
that  when  extremely  acute  sounds  are  not  heard,  it  arises  from  the  fact  that 
they  have  not  been  produced  with  sufficient  intensity  to  affect  the  organ  of 
hearing. 

By  increasing  the  diameter  of  the  toothed  wheel,  and  consequently  the 
amplitude  and  intensity  of  the  vibrations,  Savart  pushed  the  limit  of  acute 
sounds  to  24,cxx>  vibrations  in  a  second. 

For  deep  sounds  he  substituted  for  the  toothed  wheel  an  iron  bar  about 
two  feet  long,  which  revolved  on  a  horizontal  axis  between  two  thin  wooden 
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plates,  about  oxiS  of  an  inch  from  the  bar.  As  often  as  the  bar  passed,  a 
srave  sound  was  produced,  due  lo  the  displacement  of  the  air.  As  the 
motion  was  accelerated,  the  sound  berame  continuous,  very  grave  and 
deafening.  By  this  means  Savart  found,  that  with  7  to  8  vibrations  in  a 
second,  the  ear  perceived  a 
distinct  but  verjdcep  sound, 
IJespreti,  however,  who 
investigated  the  same  sub- 
ject, disputed  Savart's  results 
as  to  the  limits  of  deep 
sounds,  and  considers  that 
no  ^ound  is  audible  that  is 
made  by  less  than  i6  vibra- 
tions per  second,  Helm- 
holti  holds  that  the  percep- 
tion of  a  sound  begins  at  30 
vibrations,  and  only  has  a 
definite  musical  value  when 
the  number  is  more  than  jo. 
Below  30  the  impression  ol 
a  number  of  separate  beats 
is  produced.  On  the  other 
nd  acute  sounds  arc  audi- 
ble up  to  those  correspond- 
ing to  3B/M0  vibrations  in  a 

The  discordant  results 
obtained  by  these  and  other 
observers  for  the  limit  of 
audibility  of  higher  notes  are 
no  doubt  due  to  the  circumstance  that  different  observers  have  different 
capacities  for  the  perception  of  sounds.  Preyer  has  investigated  this  subject 
by  means  of  experimental  methods  of  greater  precision  than  any  that  have 
hitherto  been  applied  for  this  purpose.  The  minimum  limit  for  the  normal 
ear  he  found  to  lie  between  16  and  24  single  vibrations  in  a  second  ;  the 
maximum  limit  reached  4TP0O  ;  but  many  persons  with  average  powers  of 
hearing  were  found  to  be  absolutely  deaf  to  notes  of  16,000,  ii.ooo,  or  even 
fewer  vibrations, 

Z45,  DDliBiners  BT«plUc  method. —  When  the  syren  or  Savart's  wheel 
is  used  to  determine  the  exact  number  of  vibrations  corresponding  to  a  given 
sound,  it  is  necessary  to  bring  the  sound  which  they  produce  into  unison 
ivith  the  given  sound,  and  this  cannot  be  done  exactly  unless  the  experi- 
menter has  a  practised  ear.  DuhameFs  graphic  method  is  very  simple  and 
e>:act,  and  free  from  this  diflicully.  It  consists  in  fixing  a  fine  point  to  the 
body  emitting  the  sound,  and  causing  it  to  trace  the  vibrations  on  a  properly 
prepared  sur^ce. 

The  apparatus  consists  of  a  wood  or  metal  cylinder,  A  (fig.  206),  fixed  to 
a  vertical  axis,  O,  and  turned  by  a  handle.     The  lower  part  of  the  axis  is  a 
working  in  a  fixed  nut,  so  that,  according  as  the  handle  is  turned  from 


Du/iaiiiel's  Graphic  Method. 

left  la  rii^t,  or  from  right  to  left,  the  cyhnder  is  raised  ordepressed.  Round 
the  cylinder  is  rolled  a  sheet  of  paper  covered  with  an  inadhesive  (ilm  of 
lampblack.  On  this  film  the  vibrations  register  themselves.  This  is  effected 
u  follows.  Suppose  the  body  emitting  the  note  to  be  a  steel  rod.  It  is  held 
lirmly  at  nne  end,  and  carries,  at  the  other,  a  line  point  which  grazes  the 
iuriaces  of  the  cylinder  If  the  rod  is  made  lo  vibrate  and  the  cylinder  is 
.u  rest,  the  point  would  describe  a  short  line  ;  but  if  ihe  cylinder  is  turned, 
ilw  point  produces  an  undulating  trace,  containing  as  many  undulations  as 
dtepmnt  has  made  vibrations.     Consequently  the  number  of  vibrations  can 


*  rounted.     It  remains  only  to  determine  the  lime  in  which  the  vibrations 
'Cie  made. 

There  are  several  ways  of  doing  (his.  The  simplest  is  to  compare  the 
'vm  traced  by  the  vibrating  rod  with  that  (raced  by  a  tuning-fork  (35J}, 
*bitli  gives  a  known  number  of  vibrations  per  second— for  example,  500. 
Hie  prong  of  the  fork  is  furnished  with  a  point,  which  is  placed  in  contact 
"ilh  the  lampblack.  The  fork  and  the  rod  are  then  set  vibrating  together, 
vul  each  produces  its  own  undulating  trace.  When  the  paper  is  unrolled, 
it  ii  euy,  by  counting  the  nutitber  of  vibrations  each  has  made  in  (he  same 
•list*ncc,  to  dciennine  the  number  of  vibrations  made  per  second  by  the 
riailic  rod.  Suppose,  for  instance,  that  the  tuning-fork  made  1 50  vibrations 
■faite  the  rod  ma^e  165  vibrations.  Now  we  already  know  ih.it  (he  tuning- 
fork  maltcs  one  vibration  in  the  j!g  pan  of  a  second,  and  therefore  150 
>>bf3Cicins  in  t|g  of  a  second.  But  in  the  same  lime  the  rod  makef  16; 
'ifantlons;  therefore  it  makes  one  vibration  in  the    — — i-  ofasecond. 
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A  i  i^    THE   PHYSICAL  THEORY   OF  MUSIC  / 1^ 

'  '--^  -To" 

246.  Propertie|i<briii.utieal  notei. — A  simple  musical  note  results  from 
a  continuous  rapid  flb<?hf  onous  vibration,  provided  the  number  of  the  vibra- 
tions falls  within  the  very  wide  limits  mentioned  in  the  last  chapter  (244). 
Musical  notes  are  in  most  cases  compound.  The  distinction  between  a 
simple  and  a  compound  musical  note  will  be  explained  later  in  the  chapter. 
The  tone  yielded  by  a  tuning-fork  furnished  with  a  proper  resonance-box  is 
simple ;  that  yielded  by  a  wide-stopped  organ  pipe,  or  by  a  flute,  is  nearly 
simple  ;  that  yielded  by  a  musical  string  is  compound. 

Musical  notes  have  three  leading  qualities,  namely,  pitchy  intensify ^  and 
timbre  or  colour. 

i.  'The  pitch  of  a  musical  note  is  determined  by  the  number  of  vibrations 
per  second  yielded  by  the  body  producing  the  note. 

ii.  The  iniefisity  of  the  note  depends  on  the  extent  of  the  vibrations.  It 
is  greater  when  the  extent  is  greater,  and  less  when  it  is  less.  It  is,  in  fact, 
proportional  to  the  square  of  the  extent  or  amplitude  of  the  vibrations  which 
produce  the  note. 

iii.  The  timbre  or  stamp  is  that  peculiar  quality  of  note  which  distinguishes 
a  note  when  sounded  on  one  instrument  from  the  same  note  when  sounded 
on  another.  Thus  when  the  C  of  the  treble  stave  is  sounded  on  a  violin, 
and  on  a  flute,  the  two  notes  will  have  the  same  pitch  ;  that  is,  are  produced 
by  the  same  number  of  vibrations  per  second,  and  tl.ey  may  have  the  same 
intensity,  and  yet  the  two  notes  will  have  very  distinct  qualities  ;  that  is, 
their  timbre  is  different.  The  cause  of  the  peculiar  timbre  of  notes  will  be 
considered  later  in  the  chapter. 

247.  Masical  InterraU. — Let  us  suppose  that  a  musical  note,  which  for 
the  sake  of  future  reference  we  will  denote  by  the  letter  C,  is  produced  by 
m  vibrations  per  second  ;  and  let  us  further  suppose  that  any  other  musical 
note,  X,  is  produced  by  n  vibrations  per  second,  //  being  greater  than  m ; 
then  the  inter\'al  from  the  note  C  to  the  note  X  is  the  ratio  n  ;  w,  the  interval 
between  two  notes,  being  obtained  by  division,  not  by  subtraction.  Although 
two  or  more  notes  may  be  separately  musical,  it  by  no  means  follows  that 
when  sounded  together  they  produce  a  pleasant  sensation.  On  the  con- 
trary, unless  they  arc  concordant,  the  result  is  harsh,  and  usually  unpleasing. 
We  have,  therefore,  to  inquire  what  notes  are  fit  to  be  sounded  together. 
Now  when  musical  notes  are  compared,  it  is  found  that  if  they  are  separated 
by  an  interval  of  2  :  1,4:  i,  &c.,  they  so  closely  resemble  one  another  that 
they  may  for  most  purposes  of  music  be  considered  as  the  same  note.  Thus, 
suppose  c  to  stand  for  a  musical  note  produced  by  2;;/  vibrations  per  second, 


4    hns-    /-aro   /033    i-y^^    f^^^'- 
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then  C  and  r  so  closely  resemble  one  another  as  to  be  called  in  music  by 
the  same  name.     The  interval  from  C  to  r  is  called  an  octave^  and  ^'is 
said  to  be  an  octave  above  C,  and  conversely  C  an  octave  below  c.     If  we 
now  consider  musical  sounds  that  do  not  differ  by  an  octave,  it  is  found  that 
if  we  take  three  notes,  X,  Y,  and  Z,  resulting  respectively  from/,  7,  and  r 
vibrations  per  second,  these  three  notes  when  sounded  together  will  be  con- 
cordant if  the  ratio  oi  p  \  q  \  r  equals  4:5:6.     Three  such  notes  form  a 
harmonic  triads  and  if  sounded  with  a  fourth  note,  which  is  the  octave  of 
X,  constitute  what  is  called  in  music  a  major  chord.    Any  of  the  notes  of  a 
chord  may  be  altered  by  one  or  more  octaves  without  changing  its  distinc- 
tive character  ;  for  instance,  C,  E,  G,  and  c  are  a  chord,  and  C,  r,  r,  p  form  . 
the  same  chord.                                                                                         IS  )l  ^        ^ 

Ifi  however,  the  ratio  P  \  g  \  r  equals  10  :  12  :  15,  the  three  sound^^ijj 
slightly  dissonant,  but  not  so  much  so  as  to  disqualify  them  from  producing, 
a  pleasing  sensation.     When  these  three  notes  and  the  octave  to  the  lower  1  .  \  K 
are  sounded  together  they  constitute  what  in  music  is  called  a  minor  chord.  '  t/  \j 

248.  Tlie  musleal  soale.— The  series  of  sounds  which  connects  a  given 
note  C,  with  its  octave  r,  is  called  the  diatonic  scale  or  gamut.  The  notes 
composing  it  are  indicated  by  the  letters  C,  D,  E,  F,  G,  A,  B.  The  scale 
is  then  continued  by  taking  the  octaves  of  these  notes,  namely,  r,  //,  e^f^g^  a,  b^ 
and  again  the  octaves  of  these  last,  and  so  on. 

The  notes  are  also  known  by  names,  viz.,  do  or  1//,  re,  mi^fa,  sol^  ia,  si, 
do.  The  relations  existing  between  the  notes  are  these  : — C,  E,  G  form 
a  major  triad,  G,  B,  d  form  a  major  triad,  and  F,  A,  c  form  a  major  triad. 
C,  G,  and  F  have,  for  this  reason,  special  names,  being  called  respectively 
the  ionic,  dominant,  and  sub-dominant,  and  the  three  triads  the  tonic, 
dominant,  and  sub-dominant  triads  or  chords  respectively.  Consequently, 
the  numerical  relations  between  the  notes  of  the  scale  will  be  given  by  the 
three  proportions  —  .^   '  ,     ' . 

JQ  C  :  E  :      G::4  :  5  :  6  \ 

\    \  G:  B  :    201:4:  5  :6  -^ 

\  /,]  F  :  A  :    2C::4:  5:6  '^^  '. 

Hence  if  m  denotes  the  number  of  double  vibrations  corresponding  to  ' 
the  note  C,  the  number  of  vibrations  corresponding  to  the  remaining  notes 
»ill  be  given  by  the  following  table — 

do        re        mi       fa        sol        la        si        do 
C  D         E  F  G         A        B  ^ 


\ 


m        \m        \m      \m        5/;/      \m      "^^m      2m 
The  intervals  between  the  successive  notes  being  respectively — 
C  to  D     D  to  E     E  to  F     F  to  G     G  to  A     A  to  B     B  to  r 

•  IP  '*  £  IP  •  'f 

ii  •  1ft  8  9  8  IB 

It  will  be  observed  here  that  there  are  three  kinds  of  intervals,  |,  V*,  and 
T* ;  of  these  the  two  former  are  called  a  tone,  the  last  a  semitone,  because  it 
is  about  half  as  great  as  the  interval  of  a  tone.  The  two  tones,  however,  are 
not  identical,  but  differ  by  an  interval  of  J  J,  which  is  called  a  comma.  Two 
notes  which  differ  by  a  comma  can  be  readily  distinguished  by  an  educated 
ear.    The  interval  between  the  tonic  and  any  note  is  denominated  by  the 


"^.^ 


/•K-i"     f-il' 
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position  of  the  latter  note  in  the  scale ;  thus  the  interval  from  C  to  G  is  a 
fifth.  The  scale  we  have  now  considered  is  called  the  major  scale,  as  being 
formed  of  ;//tf/V>r  triads.  If  the  minor  triad  were  substituted  for  the  major, 
a  scale  would  be  formed  that  could  be  strictly  called  a  minor  scale.  As 
scales  are  usually  written,  howSver,  the  ascending  scale  is  so  formed  that 
the  tonic  bears  a  minor  triad,  the  dominant  and  sub-dominant  bear  major 
triads,  while  in  the  descending  scale  they  all  bear  minor  triads.  Practically, 
in  musical  composition,  the  dominant  triad  is  always  major.  If  the  ratios 
jriven  above  are  examined,  it  will  be  found  that  in  the  major  scale  the 
interval  from  C  to  E  equals  f,  while  in  the  minor  scale  it  equals  |.  The 
former  interval  is  called  a  major  third,  the  latter  a  minor  third.  Hence  the 
major  third  exceeds  the  minor  third  by  an  inter\'al  of  §|.  This  interval  is 
called  a  semitone,  though  very  different  from  the  interval  above  called  by 
that  name. 

A  complete  discussion  of  the  number  of  notes,  and  the  intervals  between 
them,  will  be  found  in  an  article  by  Mr.  A.  J.  Ellis,  in  vol.  xiii.  of  the  Pro^ 
ccedings  of  the  Royal  Society^  *  On  a  perfect  Musical  Scale.* 

249.  On  semitones  and  on  soales  witb  different  kesr-notee. — It  will 
be  seen  from  the  last  article  that  the  term  *  semitone  *  does  not  denote  a 
constant  interval,  being  in  one  case  equivalent  to  }|  ^^^  ^^  another  to  f  J. 
It  is  found  convenient  for  the  purposes  of  music  to  introduce  notes  inter- 
mediate to  the  seven  notes  of  the  gamut ;  this  is  done  by  raising  or  lowering 
these  notes  by  an  interval  of  |^.  When  a  note  (say  C)  is  increased  by  this 
interval,  it  is  said  to  be  sharpened^  and  is  denoted  by  the  symbol  C8  ,  called 
*  C  sharp  ; '  that  is,  C5  -4-C  =  §J.  When  it  is  lowered  by  the  same  interval,  it 
is  said  to  he  flattened,  and  is  represented  thus — Bb,  called  *  B  flat ; '  that  is, 
B-=-Bb  =  |^  If  the  effect  of  this  be  examined,  it  will  be  found  that  the 
number  of  notes  in  the  scale  from  C  up  \.o  c  has  been  increased  from  seven 
to  twenty-one  notes,  all  of  which  can  be  easily  distinguished  by  the  ear. 
Thus  reckoning  C  to  equal  i,  we  have — 

C         C5  Db         D         Dff         Eb         E     &c. 

*  ~li  -is  8  rt4  5  4        "'■^' 

Hitherto  we  have  m.ade  the  note  C  the  tonic  or  key-note.  Any  other  of 
the  twenty-one  distinct  notes  above  mentioned,  e.g.  G,  or  F,  or  C5 ,  &c., 
may  be  made  the  key-note,  and  a  scale  of  notes  constructed  with  reference 
to  it.  This  will  be  found  to  give  rise  in  each  case  to  a  series  of  notes,  some 
of  which  are  identical  with  those  contained  in  the  series  of  which  C  is  the 
key  note,  but  most  of  them  different.  And  of  course  the  same  would  be  true 
for  the  minor  scale  as  well  as  for  the  major  scale,  and  indeed  for  other  scales 
which  may  be  constructed  by  means  of  the  fundamental  triads. 

250.  On  musical  temperament. — The  number  of  notes  that  arise  from 
the  construction  of  the  scales  described  in  the  last  article  is  so  great  as  to 
prove  quite  unmanageable  in  the  practice  of  music ;  and  particularly  for 
music  designed  for  instruments  with  fixed  notes,  such  as  the  pianoforte  or 
harp.  Accordingly,  it  becomes  practically  important  to  reduce  the  number 
of  notes,  which  is  done  by  slightly  altering  their  just  proportions.  This 
process  is  called  temperament.  By  tempering  the  notes,  however,  more  or 
less  dissonance  is  introduced,  and  accordingly  several  different  systems  of 
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temperament  have  been  devised  for  rendering  this  dissonance  as  slight  as 
possible.  The  system  usually  adopted  is  called  the  system  of  equcU  tempera- 
ment It  consists  in  the  substitution  between  C  and  c  of  eleven  notes  at 
equal  intervals,  each  interval  being,  of  course,  the  twelfth  root  of  2,  or  i  '05946. 
By  this  means  the  distinction  between  the  semitones  is  abolished,  so  that, 
for  example,  Cj  and  Db  become  the  same  note.  The  scale  of  twelve  notes 
thus  formed  is  called  the  chromatic  scale.  It  of  course  follows  that  major 
triads  become  slightly  dissonant.  Thus,  in  the  diatonic  scale,  if  we  reckon 
C  to  be  I,  E  is  denoted  by  1*25000,  and  G  by  1*50000.  On  the  system  of 
equal  temperament,  if  C  is  denoted  by  i,  E  is  denoted  by  1*25992,  and  G 

by  I-4983I. 

If  individual  inter>'als  are  made  pure  while  the  errors  are  distributed  over 
the  others,  such  a  system  is  called  that  of  unequal  temperament.  Of  this 
class  is  Kirnberger^Sy  in  which  nine  of  the  tones  are  pure. 

Although  the  system  of  equal  temperament  has  the  advantage  of  afford- 
ing the  greatest  variety  of  tones  with  as  small  a  number  of  notes  as 
possible,  yet  it  has  the  drawback  that  no  chord  of  an  equally-tempered 
instrument,  such  as  the  piano,  is  perfectly  pure.  And  as  musical  education 
mostly  has  its  basis  on  the  piano,  even  singers  and  instrumentalists  usually 
jjivc  equally-tempered  intervals.  Only  in  the  case  of  string  quartet  players, 
»ho  have  freed  themselves  from  school  rules,  and  in  that  of  vocal  quartet 
singers,  who  sing  much  without  accompaniment,  does  the  natural  pure  tem- 
perament assert  itself,  and  thus  produce  the  highest  musical  eflfect. 

251.  Tlia  nvmber  of  ▼ibrations  produoinc  eaoli  note.  Tlie  tanlnc- 
fort— Hitherto  we  have  denoted  the  number  of  vibrations  corresponding  to 
the  note  C  by  /«,  and  have  not  assigned  any 
numerical  value  to  that  symbol.  In  the  theory 
^f  music  it  is  frequently  assumed  that  the  middle 
C  corresponds  to  256  double  vibrations  in  a 
second.  This  is  the  note  which,  on  a  pianoforte 
'^  seven  octaves,  is  produced  by  the  white  key 
'>n  the  left  of  the  two  black  keys  close  to  the 
'Centre  of  the  keyboard.  This  number  is  con- 
venient as  being  continually  divisible  by  two, 
'^"id  is  therefore  frequently  used  in  numerical 
illustrations.  It  is,  however,  arbitrary.  An 
instrument  is  in  tune  provided  the  intervals 
between  the  notes  are  correct,  when  c  is  yielded 
b>'  any  number  of  vibrations  per  second  not 
^liffering  much  from  256.  Moreover,  two  instru- 
nients  are  in  tune  with  one  another,  if,  being 
>«paralcly  in  tune,  they  have  any  one  note,  for 
instance  C,  yielded  by  the  same  number  of  vibra- 
tions. Consequently,  if  two  instruments  have 
one  note  in  common,  they  can  then  be  brought 
into  tune  jointly  by  having  their  remaining  notes  i*'«g-  207. 

''^ratcly  adjusted  with  reference  to  the  fundamental  note.  A  tuning-fork 
f'f  diapason  is  an  instrument  yielding  a  constant  sound,  and  is  used  as  a 
standard  for  tuning  musical  instruments.     It  consists  of  an  elastic  steel  rod, 
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bent  as  represented  in  fig.  207.  It  is  made  to  vibrate  either  by  drawing  a 
bow  across  the  ends,  or  by  striking  one  of  the  legs  against  a  hard  body,  or 
by  rapidly  separating  the  two  prongs  by  means  of  a  steel  rod  as  shown  in 
the  figure.  The  vibration  produces  a  note  which  is  always  the  same  for  the 
same  tuning-fork.  The  note  is  strengthened  by  fixing  the  tuning-fork  on  a 
box  open  at  one  end,  called  a  sounding  or  resonance  box^  adjusted  so  as  to 
strengthen  the  special  note  of  the  tuning-fork  (255). 

The  standard  tuning-fork  in  any  country  represents  its  accepted  concert 
pitch. 

It  has  been  remarked  for  some  years  that  not  only  has  the  pitch  of  the 
tuning-fork  been  getting  higher  in  the  large  theatres  of  Europe,  but  also 
that  it  is  not  the  same  in  London,  Paris,  Berlin,  Vienna,  Milan,  &c.  This  is 
a  source  of  great  inconvenience  both  to  composers  and  singers,  and  a  com- 
mission was  appointed  in  1859  to  establish  in  France  a  tuning-fork  of  uniform 
pitch,  and  to  prepare  a  standard  which  would  serve  as  an  invariable  type. 
In  accordance  with  the  recommendations  of  that  body,  a  normal  tuning-fork 
has  been  established,  which  is  compulsor)'  on  all  musical  establishments 
in  France,  and  a  standard  has  been  deposited  in  the  conservatory  of  music 
in  Paris.  It  performs  437  5  double  vibrations  per  second,  and  gives  the 
standard  note  a  ox  ia^  or  the  a  in  the  treble  stave  (252).  Consequently,  with 
reference  to  this  standard,  the  middle  c  or  do  would  result  from  261  double 
vibrations  per  second. 

In  England  a  committee,  appointed  by  the  Society  of  Arts,  recommended 
that  a  standard  tuning-fork  should  be  one  constructed  to  yield  528  double 
vibrations  in  a  second,  and  that  this  should  represent  c'  in  the  treble  stave. 
This  number  has  the  advantage  of  being  divisible  by  2  down  to  33,  and  is  in 
fact  the  same  as  the  normal  tuning-fork  adopted  in  Stuttgardt  in  1834,  which 
makes  440  vibrations  in  the  second,  and,  like  the  French  one,  corresponds 
to  a  in  the  same  stave. 

252.  Musical  notation.  Musical  ranee. —  It  is  convenient  to  have 
some  means  of  at  once  naming  any  particular  note  in  the  whole  range  of 
musical  sounds  other  than  by  stating  its  number  of  vibrations.  Perhaps  a 
convenient  practice  is  to  call  the  octave,  of  which  the  C  is  produced  by  an 
eight-foot  organ  pipe,  by  the  capital  letters  C,  D,  E,  F,  G,  A,  B  ;  the  next 
higher  octave  by  the  corresponding  small  letters,  r,  //,  e^fg^  «,  b  ;  and  to 
designate  the  octaves  higher  than  this  by  the  index  placed  over  the  letter 
thus,  c\  d\  e\f^g'^  a\  b\  and  the  higher  series  in  a  similar  manner.  The 
same  principle  may  be  applied  to  the  notes  below  C  ;  thus  the  octave  below 
C  is  C^,  and  the  next  lower  one  C,,. 

Hence  we  have  the  series 

C,,    C,     Q    c   c'    c"    r'"    d\ 

In  musical  writing  the  notes  are  expressed  by  signs  which  indicate  the 
length  of  time  during  which  the  note  is  to  be  played  or  sung,  and  are  written 
on  a  series  of  lines  called  a  stave.     Thus 


% 


edffgabc 

Stands  for  the  octave  in  the  treble  clef :  of  which  the  top  note  is  the  standard 
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c'  and  the  bottom  is  the  middle  c.  When  the  five  lines  are  insufficient  they 
are  continued  above  and  below  the  stave  by  what  are  called  ledger  lines. 
In  order  to  avoid  confusion,  a  bass  clef  is  used  for  the  lower  notes  ;  and  it 

may  be  remarked  that  TO""-    J   —  and  ^   — Liin:  stand  for  the  same  note 

(251 }  which  is  the  middle  c. 

The  deepest  note  of  orchestral  instruments  is  the  E  of  the  double  bass, 
which  makes  41  f  vibrations,  taking  the  key-note  as  making  440  vibrations 
in  a  second.  Some  organs  and  pianofortes  go  as  low  as  C^,,  with  32 
vibrations  in  a  second,  some  grand  pianos  even  as  low  as  A^^,  with  27^  vibra- 
tions. But  the  musical  character  of  all  these  notes  below  E^  is  imperfect, 
for  we  are  near  the  limit  at  which  the  ear  can  combine  the  separate  vibra- 
tions to  a  musical  note  (244).  These  notes  can  only  be  used  musically  with 
their  next  higher  octave,  to  which  they  impart  a  certain  character  of  depth 
and  richness. 

In  the  other  direction,  pianofortes  go  to  a'*  with  3520  or  even  c^  with 
4224  \'ibrations  in  a  second.  The  highest  note  of  the  orchestra  is  probably 
the  it  of  the  piccolo  flute,  which  makes  4752  vibrations.  And  although  the 
car  can  distinguish  sounds  which  are  still  higher,  they  have  no  longer  a 
pleasurable  character.  And  while  the  notes  which  are  distinguishable  by 
the  car,  range  between  16  and  38,000  vibrations,  or  11  octaves  ;  those  which 
arc  musically  available,  range  from  about  40  to  4,000  vibrations,  or  within  7 
tKrtavcs. 

253.  UTaTe-Ieiifftb  of  arisen  note.  Amplitade of  osoillatloD. — Know- 
ing the  number  of  vibrations  which  a  sounding  body  makes  in  a  second,  the 
corresponding  wave-length  is  easily  calculated.  For  since  sound  travels  at 
about  1,120  feet  in  a  second,  if  a  body  only  made  one  vibration  in  a  second 
its  wave-length  would  be  1,120  feet ;  if  it  made  two,  the  wave-length  would 
be  half  of  1,120  feet ;  if  it  made  three,  the  third  and  so  on — that  is,  that  the 
"d'ove-lengih  of  any  note  is  the  quotient  obtained  by  dividing  the  velocity  of 
^ound  by  the  number  of  vibrations  \  and  this  whatever  the  height  of  the 
sound,  since  the  velocity  is  the  same  for  high  and  low  notes. 

Hence,  calling  v  the  velocity  of  sound,  /  the  wave-length,  n  the  number 

of  vibrations  in  a  second,  we  have  v~ln^  from  which  «  =  —  ;  that   is,   that 

the  number  of  vibrations  is  inversely  as  the  wave-length. 

Tlic  amplitude  of  oscillation  which  is  required  for  the  produciion  of 
audible  sounds  is  very  small.  Lord  Rayleigh  determined  it  in  the  case  of  the 
^avcs  due  to  a  pipe  which  sounded  the  note/'^  and  which  could  be  heard 
at  a  distance  of  820  metres.  He  found  that  the  amplitude  of  the  oscillation 
of  these  waves  could  not  be  greater  than  the  one  ten-millionth  of  a  milli- 
metre. 

254.  Ob  oomponnd  maslcal  tonei  and  liannoiiics. — When  any  given 
note  (say  C)  is  sounded  on  most  musical  instruments,  not  that  tone  alone  is 
produced,  but  a  series  of  tones,  each  being  of  less  intensity  than  the  one 
preceding  it.  If  C,  which  may  be  called  the  primary  tone,  is  denoted  by 
nnity,  the  whole  series  is  given  by  the  numbers  i,  2,  3,  4,  5,  6,  7,  &c.  ;  in 
other  words,  first  the  primary  C  is  sounded,  then  its  octave  becomes  audible, 
then  the  fifth  to  that  octave,  then  the  second  octave,  then  the  third,  fifth, 
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and  a  note  between  the  sixth  and  seventh  to  the  second  octave,  and  so  on. 

These  secondary  notes  are  called  the  harmonics  of  the  primary  nott.  Hiougb 
feeble  in  comparison  with  the  primary  note,  they  may,  with  a  little  practice 
be  heard,  when  the  primary  note  is  produced  oti  most  musical  instnunents  ; 
when,  for  instance,  one  of  the  lower  notes  is  sounded  on  the  pianoforte. 

2$;.  Helmbaltm'i  soalrata  ofBonnd. — For  the  purpose  of  experimentally 
proving  the  presence  of  the  harmonics  as  distinct  tones,  Professor  Helmhollz 
devised  an  instrument  which  he  called  a  >esonance  globe.  This  may  be  illus- 
trated by  the  following  experiment,  which  indeed  is  identical  in  principle 
with  that  described  in  article  227  : — If  an  empty  glass  cylinder  betaken 
and  a  vibrating  tuning-fork  be  held  over  the  mouth  of  the  vessel,  ihe 
column  of  air  wilt  not  be  set  in  vibration  unless  the  column  of  air  be  of  a 
certain  delinite  length  ;  such,  indeed,  that  the  wave-length  of  the  fundamental 
note  corresponds  to  the  wave-length  of  the  note  produced  by  the  tuning- 
fork.  Now  by  pouring  in  water  we  can  regulate  the  length  of  the  column 
of  air,  and  by  trial  can  hit  olf  the  exact  length  ;  when  this  is  attained  the 
note  of  the  tuning-fork  will  be  heard  10  be  powerfully  reinforced  .(227). 
c-globe  (fig.  208)  is  a  glass  globe  tuned  to  a  particular  note. 


furnished  with  two  openings,  one  of  which,  a,  is  turned  towards  the  origin  of 
the  sound,  and  the  other,  b,  by  means  of  an  india-rubber  lube,  is  applied  to  the 
ear.  If  the  tone  proper  lo  the  resonance-globe  exists  among  the  harmonics 
of  the  compound  lone  thai  is  sounded  it  is  slrenglhened  by  the  globe,  and 
thereby  rendered  distinctly  audible.  Further,  other  things  being  the  same, 
the  note  proper  to  a  given  globe  depends  on  the  diameter  of  the  globe  and 
that  of  the  uncovered  opening.  Consequently,  by  means  of  a  series  of  such 
globes,  the  whole  series  of  harmonics  in  a  given  compound  tone  can  be 
rendered  distinctly  audible,  and  their  existence  put  beyond  a  doubt. 

Konig,  the  eminent  acoustical  instrument  maker,  has  made  an  important 
modification  in  the  resonance  globe,  to  which  he  has  given  the  form  repre- 
sented in  fig.  209.  The  resonator  is  cylindrical,  and  the  end  which  receives 
the  sound  can  be  drawn  out,  so  that  the  volume  may  be  increased  at  pleasure. 
-As  the  sound  thereby  becomes  deeper,  the  same  resonator  may  be  tuned  to 
a  variety  of  notes.  On  the  tubulure  fits  a  caoutchouc  tube  by  which  the 
vibrations  may  be  transmitted  in  any  direction. 

256.  XbnlK'B  appBTStiu  fitr  tbe  •bbI^sIb  or  ■aoad — As  the  successive 
application  to  the  ear  of  various  resonators  is  both  slow  and  tedious,  K6nig 
devised  a  remarkable  apparatus  in  which  a  series  of  resonators  act  on  mano: 


••twd  with  the  chamber  C  by  a  special  caouichouc  tube,  while  behind  the 
'Ppiraius  a  second  lube  connects  the  same  jei  to  one  of  the  resonators, 
fn  ihe  ri^t  of  the  jels  is  a  system  of  rotating  mirrors  identical  with  that 
'iwcribed  in  anidc  388. 

Tlwiie  details  being  understood,  suppose  ihc  largest  resonator  on  the  right 
tuned  lo  tetound  with  the  note  1,  and  seven  others  with  tlie  harmonics  of 
■hit  iwte.  l.cl  the  sound  1  be  produced  in  part  of  this  apparatus  ;  if  it  is 
'"nplt,ihe  lower  resonator  alone  answers,  and  the  corresponding  flai 


nlone  deniated  ;  but  if  (he  fundamental  note  is  accompanied  byoi 
of  its  harmonics,  the  corresponding  resonators  speak  at  the  same  i 
is  recognised  by  the  dentation  of  their  flames  ;  and  thus  the  c 
each  sound  may  be  detected. 

257.  ByiitheBlB  or  •oniias.^NDt  only  has  Hclmholtz  succeeded  in  de- 
composing sounds  into  their  constituents  ;  he  has  verified  the  result  of  his 
analysis  by  performing  the  reverse  operation,  the  synthesis  ;  that  Is,  he  has 
reproduced  a  given  sound  by  combining  the  individual  sounds  of  which  his 
resonators  had  shown  that  it  was  composed.  The  apparatus  which  he  used 
for  this  purpose  consists  of  eleven  tuning-forks,  the  first  of  which  yields  the 
fundamental  note  of  256  vibrations,  or  C,  nine  others  its  harmonics,  while  the 
eleventh  serves  as  make  and  break  to  cause  the  diapasons  to  vibrate  by  means 
of  eleciro-magneis.  Each  diapason  has  a  special  elcctra-magnet,  and  more- 
which  sirengthf 
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All  ihese  did|j.'isons  and  iheir  ai.Lt=50fies  aic  arranged  in  parallel  lines  nf 
five  (fig.  211),  the  first  comprising  the  fundamental  note  and  its  uneven 
harmonics,  3,  5,  7,  and  9  ;  the  second  the  even  harmonics,  2, 4,  6, 8,  and  10  ; 
beyond,  there  is  the  diapason  break  K  arranged  horizontally.  One  of  its . 
prongs  is  provided  with  a  platinum  point  which  grazes  the  surface  of  mercury 
contained  in  a.  small  cup,  the  bottom  of  which  is  connected,  by  a  copper 
wire,  with  an  electro -magnet  placed  in  front  of  the  diapason. 

The  apparatus  being  thus  arranged,  a  wire  from  a  voltaic  battery  is  con- 
nected with  the  binding  screw,  f,  and  this  with  the  electro -magnet  E  ;  which 
in  turn  is  connected  with  those  of  the  nine  following  diapasons,  and  then 
with  the  diapason  K  itself  So  long  as  the  diapason  does  not  vibrate,  the 
current  does  not  pass,  for  the  platinum  point  docs  not  dip  in  the  mercury 


cup  which  is  connccied  «iih  the  oihcr  pole  of  ihe  batten'.  Hut  when  the 
diapason  is  made  to  vibrate  by  means  of  a  bo»',  the  current  passes.  Owin^ 
10  their  elasticity,  ihe  limbs  of  the  tuning-fork  soon  revert  to  their  original 
position,  the  point  is  no  longer  in  the  mercury,  the  current  is  broken,  and 
M  on  at  each  double  vibration  of  the  diapason.  This  intermittence  of  the 
lurrcni  being  transmitted  to  all  the  other  electro-magnet?,  they  are  alternately 
aaive  and  inactive.  Hence  ihey  communi;ate  to  all  the  diapasons  by  their 
attraction  the  same  number  of  vibrations.  This  is  the  case  with  tile  diapason 
[,  which  is  tuned  in  unison  with  the  diapason  break  ;  but  the  diapason  3, 
being  tuned  to  make  three  times  as  many  vibrations,  makes  three  vibrations 
M  each  break  of  the  current :  that  is  to  say,  the  electro- magnet  only  attracts 
it  ai  every  third  vibration  ;  in  like  manner,  diapason  d  only  receives  a  fresh 
impulse  every  five  vibrations,  and  so  on. 

The  following  is  the  working  of  the  apparatus  :— The  resonator  of  each 
diapason  is  closed  by  a  clapper  O  flig.  2111,  so  th.il  Uie  ^oimds  made  by  the 
diapasons  arc  scarcely  per- 
ceptiblt  when  the  clappers 
Are  lowered.  Each  of  these 
is  fined  w  the  end  of  a  bent 
lt»w,  Ihe  shorter  arm  of 
"hicb  it  worked  by  a  cord 
0.  which  i>  connected  with 
one  of  the  keys  of  a  key- 
Wrd  placed  in  front  of  the 
apparatus  (tig.  2ti).  When 
'  key  is  depressed,  the  cord 
"loves  the  lever,  which 
"siies  the  dapper,  and  the 
rtMilMor  then  acts  by 
Mfmphentng  its  diapason 
Hence  by  depressing  any 
W  *c    may  add    to   the  i.,      , 

bndamenlal  sounds  any  i:<l 

'he  nine  primary  harmonics,  and  thus  reproduce  ihe  ^ountls  the  composition 
<^  viiich  ha«  been  deicmiincd  by  analysis.  Thus  by  depressing  alt  the 
l^cra  n  once  wc  obtain  the  sound  of  an  open  pipe  in  unison  with  the  deepest 
diipasoB.  By  depressing  the  key  of  the  fundamental  note  and  those  of  its 
""even  harmonics,  we  obtain  the  sound  of  a  closed  pipe. 

Iji.  Kaantta  of  Kelmtiolta'*  reacBrohea.— By  both  his  analytical  and 
•ynthetieal  investigations  into  sounds  of  the  most  varied  kinds— those  from 
''Wous  musical  instruments,  the  human  voice,  and  even  noises — Helmholli 
Iw  fully  succeeded  in  explaining  the  dilfercnt  timbre  or  quality  of  sounds.  It  | 
i>  tlue  to  the  different  intensities  of  the  harmonics  which  accompany  the  ^ 
pnmary  tones  of  these  sounds.  The  leading  results  of  these  researches  into 
ih*  colour  of  sounds  may  be  thus  stated  :— 

i.  Simple  notes,  as  those  produced  by  a  tuning-fork  with  a  r( 
Md  by  wide  covered  pipes,  are  sof%  and  agreeable  without  any  roughni 
but  weak,  and  in  the  deeper  n 

ii.  Musical  sounds  accompanied  by  a  scries  of  harmonics,  say  up  to  the    ' 
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sixth,  in  moderate  strength,  are  full  and  musical.  In  comparison  with  simple 
tones  they  are  grander,  richer,  and  more  sonorous.  Such  are  the  sounds  of 
opien  organ  pipies,  of  the  pianoforte,  4c. 

iii.  If  only  the  uneven  harmonics  are  present,  as  in  the  case  of  narrow 
covered  pipes,  of  pianoforte  strings  struck  in  the  middle,  clarionets,  Sec,  the 
sound  becomes  indistinct  ;  and  when  a  greater  number  of  bannonics  are 
audible,  the  sound  acquires  a  nasal  character. 

iv.  If  the  harmonics  beyond  the  sixth  and  seventh  are  very  distinct, 
the  sound  becomes  sharp  and  rough.  If  less  strong,  the  harmonics  are  not 
prejudicial  to  ihe  musical  usefulness  of  the  notes.  On  the  contrary,  they 
are  useful,  as  imparling  character  and  expression  to  the  music.  Of  this  kind 
are  most  stringed  instruments,  and  most  pipes  furnished  with  tongues,  &c 
Sounds  in  which  harmonics  are  particularly  strong  acquire  thereby  a  pecu- 
liarly penetrating  character ;  such  are  those  yielded  by  brass  instruments. 

259.  Vrodnotlon  of  Tooal  •cnudt.— The  trachea  or  windpipe  is  a  tube 
which  terminates  at  one  end  in  the  lungs,  and  at  the  other  in  the  larynx, 
which   is  the  true  organ  of  vocal  sound, 
c  p  Fig.  213  represents  a  horiiontal  section  ol 

this  organ.  It  consists  of  a  number  of  car- 
tilaginous struaures,  b  b,  which  are  connected 
by  various  muscles,  by  which  great  variety  and 
control  in  the  motions  is  attainable.  These 
muscles  are  connected  with,  and  move,  two 
clastic  membranes  or  bands  with  broad  bases 
fixed  to  the  larynx,  and  with  sharp  edges  cc; 
these  are  called  the  vocal  chords.  Accord- 
ing to  the  pressure  of  the  muscles  these 
'^  chords  are  more  or  less  tightly  stretched, 

„.  and  the  space  between  thsTD,  \\ic  vocal  slii, 

is  narrower  or  wider  accordingly.  In  ordi- 
nary breathing,  air  passes  through  the  triangular  aperture  o ;  but  when  in 
singing  this  is  closed,  the  vocal  chords  are  stretched  and  are  put  in  vibration 
by  the  current  of  air,  and  produce  tones  which  are  higher  the  more  tightly 
the  chords  are  stretched,  and  the  narrower  is  the  vocal  slit.  These  changes 
can  be  effected  with  surprising  rapidity,  so  that  in  this  respect  the  human 
voice  far  exceeds  anything  that  can  be  made  artificially. 

The  notes  produced  by  men  are  deeper  than  those  of  women  or  boys. 
because  in  them  the  larynx  is  longer  and  the  vocal  chords  larger  and  thicker ; 
hence,  though  equally  elastic,  they  ^■ibratc  less  swiftly.  The  vocal  chords 
are  18  millimetres  long  in  men,  and  13  milhmetres  long  in  women.  Chest 
notes  are  due  to  the  fact  that  the  whole  membrane  vibrates,  while  the  fal- 
setto is  produced  by  a  vibration  of  the  extreme  edges  only.  The  ordinary 
compass  of  the  individual  voice  is  within  two  octaves,  though  this  is  exceeded 
b)'  some  celebrated  singers.  Catalini,  for  instance,  is  said  to  have  had  a 
range  of  3^  octaves. 

The  wave-length  of  the  sounds  emitted  by  a  man's  voice  in  ordinarj'  con- 
\ersation  is  from  8  feet  to  1 2  feet, and  that  of  women's  voice  is  from  2  feet  to 
4  feet,  in  a  second. 

The  vowel  sounds  can  be  produced  in  any  pitch,  and  the  difference  in 
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them  arises  from  Ihe  faa  that  to  form  a  given  vnwel  sound  one  or  more 
characteristic  notes  which  are  always  the  same  must  be  added.  These 
change  with  ihe  syllable  pronounced,  but  depend  neither  on  ihe  height  of 
itie  note,  nor  on  the  person  who  emits  them, 

The  form  and  cavity  of  the  mouth  can  be  greatly  modified  by  the  extent 
to  which  it  is  opened,  by  the  altered  position  of  the  tongue,  and  so  forth.  It 
thus  forms  a  resonator  which  can  be  quickly  and  completely  controlled. 
When  the  mouth  is  adjusted  so  as  to  produce  the  broad  A,  as  vajalher,  it 
has  then  a  sort  of  funnel  shape,  with  Ihe  wide  part  outward  ;  for  O,  as  in 
more,  the  eiTcct  is  like  that  of  a  bottle  with  a  wide  neck  ;  and  for  U  as  in 
poor,  ii  is  that  of  a  similar  bottle  with  a  narrow  neck.  For  the  other  vowels, 
such  as  A,  E,  and  I,  the  effect  is  as  if  the  bolile  weie  prolonged  by  a  tube, 
formed  by  contracting  the  tongue  against  the  paiate. 

If  now,  while  the  mouth  is  adjusted  for  the  position  in  which  it  could 
utter  !hc  vowel  \},  on  successively  holding  different  vibrating  tuning-forks  in 
frtml  of  it,  only  that  emitting  the  noley  will  be  found  to  be  reinforced  by 
the  enclosed  olumn  of  air  vibrating  in  unison  with  it.  This  is  accordingly 
the  characteristic  note  of  that  vowel ;  in  like  manner  *'  is  the  note  for  O, 
and  i"  for  that  of  A.  The  oihervowel  sounds,  such  as  1,  have  a  higher  and 
luwer  characteristic  note  ;  thus  those  of  A  as  in  day  are  rf,  and  a'",  of  I,  / 
Mid  (t'.  In  most  eases,  however,  the  deeper  notes  have  but  little  influence. 
ito.  V«r«eptl«ii  or  BonndB.  The  eaj-. — The  organ  of  hearing  in  man 
consists  of  several  str 
lures ;  the  external 
"i|.  114)  by  which  the^ 
»Mind  is  collected 
rnnnniiied  through  the  1 
aodiiory  passage  u  to  the  ' 
imm  or  lympant. 
Thij  is  a  delicate  tightly 
itieiched  membrane  or 
*kin  which  separates  the 
"Mm  ear  from  ihe  middle 


n« 


ivily    I 


the 


teroporal    bone   in   which 

•re  several   small  bones 

»hn»e     dimensions     are 

cntulderably  exaggerated  Fiji.  =i*. 

i"  ihe  figure.     One  of  these,  the  hammer  d,  is  attached  ; 

ilrvm.  and  at  the  other  is  jointed  to  the  anvH  e  :  the  latter  is 

"Win*  of  the  tlimip  banc/,  lo  Ihc  oval  it'indojv,  an  apertur 

fine  membrane  and  which  separates  the  tympanic  cavity  from  the  labyrinth. 

1^(  tympanic  cavity  is  also  connected  by  the  Eustachian  tube  b  with  the 

^>>I)'  of  the  mouth,  so  that  the  air  in  it  is  always  under  the  same  pressure. 

The  labyrinth  is  a  complicated  structure  tilled  with  fluid  ;  it  is  entirely  of 
We.  with  the  exception  of  the  oval  window  already  mentioned  and  Ihe 
'■•W  windoni  o.  The  labyrinth  consists  of  three  parts  ;  the  veUibuU 
•  hicb  i*  closed  by  the  oval  window  ;  the  three  semicircular  canals  k  ;  a 


e  end  to  the 

IS  connected  by ' 

closed  by  a 
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the  spiral-shaped  cochlea  or  snail-shell  s.  This  is  separated  throughout  its 
entire  length  by  a  division  partly  of  bony  projection  and  partly  of  membrane  ; 
the  upper  part  of  this  division  is  connected  with  the  vestibule,  and  therefore 
with  the  oval  window,  while  the  lower  part  is  connected  with  the  round 
window.  In  the  labyrinthine  fluid  of  this  part  the  termination  of  the  auditory 
nerve  is  spread,  the  other  end  leading  to  the  brain. 

The  membranous  part  of  this  diaphragm  is  lined  with  about  3»ooo 
extremely  minute  fibres  which  are  the  termination  of  the  acoustic  nerve  jr. 
Each  of  these,  which  are  called  Corifs  fibres^  seems  to  be  tuned  for  a 
particular  note  as  if  it  were  a  small  resonator.  Thus  when  the  vibrations  of 
any  particular  note  reach  these  fibres,  through  the  intervention  of  the  stirrup 
bone  and  the  fiuid  of  the  labyrinth,  one  fibre  or  set  of  fibres  only  vibrates  in 
unison  with  this  note,  and  is  deaf  for  all  others.  Hence  each  simple  note 
only  causes  one  fibre  to  vibrate,  while  compound  notes  cause  several ;  just 
as  when  we  sing  with  a  piano,  only  the  fundamental  note  and  its  harmonics 
vibrate.  Thus,  however  complex  external  sounds  may  be,  these  microscopic 
fibres  can  analyse  it  and  reveal  the  constituents  of  which  it  is  formed. 

261.  Znterferenoe  of  soiind. — If  two  waves  of  sound  of  the  same  length 
proceed  in  the  same  direction,  and  if  they  coincide  in  their  phases,  they 
strengthen  one  another ;  if,  however,  their  phases  differ  by  half  a  wave-length 
they  neutralise  each  other,  and  silence  is  the  result.  This  is  called  the  inter- 
ference of  sound. 

It  may  be  illustrated  by  a  number  of  experiments,  of  which  that  repre- 
sented in  fig.  2 1 5  is  one  of  the  simplest  and  most  convenient.    Two  T-shaped 

glass  tubes  oboe  and  nedf  are 
connected  at  one  end  by  a  short 
india-rubber  tube  ad^  while  at 
the  other  ends  they  are  con- 
nected by  a  long  india-rubber 
tube  cqf  The  end  o  provided 
with  a  caoutchouc  tube  is  held 
in  one  ear,  the  other  ear  being 
closed,  and  a  tuning-fork  is 
sounded  in  front  of  the  long 
free  tube  nrs.  If  the  length  of  the  india-rubber  tube  cqf  be  half  the  wave- 
length of  the  note  produced  by  the  fork,  the  sounds  will  reach  the  ear  in 
completely  opposite  phases  ;  they  will  accordingly  neutralise  each  other  and 
no  sound  will  be  heard.  But  if  this  india-rubber  tube  is  closed  by  pinching 
it,  the  note  is  at  once  heard.  If  the  tuning-fork  gives  the  note  f„  the  note 
it  produces  makes  528  vibrations  in  a  second,  and  the  length  of  the  tube 
should  be  34  centimetres. 

262.  Beats. —  If  the  notes  are  different  and  are  not  quite  in  the  same 
phase,  they  alternately  weaken  and  strengthen  each  other  ;  they  are  said  to 
beat  with  one  another.  This  may  be  explained  as  follows  : — Suppose  AB,  in 
fig.  216,  to  be  a  row  of  particles  transmitting  the  sound  :  suppose  the  vibra- 
tions producing  the  one  note  to  be  indicated  by  the  continuous  curved  line ; 
then,  on  the  one  hand,  the  ordinaies  of  the  different  points  of  AB  give  the 
velocities  with  which  those  points  are  simultaneously  moving,  and,  on  the 
other  hand,  each  point  will  have  successively  the  different  velocities  repre- 
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sented  by  the  successive  ordinates.     In  like  manner  let  the  dotted  line  show 
the  vibrations  which  produce  the  second  note.     And,  for  the  sake  of  distinct- 
ness, suppose  the  number  of  vibrations  in  a  second  producing  the  former 
note  to  be  to  that  producing  the  latter  in  the  ratio  of  3  :  2.     Now  let  us  con- 
sider any  point  which 
when  at  rest  occupies 
the  position  N  ;  draw  ^ 
the    ordinate  cutting 
the  former  curve  in  P 
and  the  latter  in  Q. 
If    the    notes    were 
sounded     separately, 
the  velocity  of  N  at  a 
given    distance    pro-  f»8- '". 

duced  by  the  former  note  would  be  PN,  and  that  of  N  at  the  same  instant 
produced  by  the  latter  note  would  be  QN.  Consequently,  as  they  are 
sounded  together,*  the  actual  velocity  of  N  at  the  given  instant  is  the  sum  of 
these,  or  PN  t  QN.  If  at  the  same  instant  we  consider  the  point  «,  its 
velocity  will  consist  oipn  and  nq  jointly,  but,  as  these  are  in  opposite  direc- 
tions, its  actual  amount,  will  h^pn—nq.  Hence  the  actual  velocity  resulting 
from  the  co-existence  of  the  two  notes  will  be  indicated  by  the  curve  in  fig. 
217,  whose  ordinates  equal  the  (algebraical)  sum  of  the  corresponding  ordi- 
nates of  the  two  curves  in  fig.  216 ;  that  is,  if  AN,  A«,  .  .  .  represent  equal 
distances  in  both  figures,  the  curve  is  described  by  taking  RN  equal  to 
PN  +  QN,  m  equHl  to/;i  -  qn,  and  so  on.  This  curve  shows  by  its  successive 
ordinates  the  simultaneous  velocities  of  the  different  particles  of  A6,  and  the 
successive  velocities  communicated  to  the  drum  of  the  ear.  An  inspection 
of  the  figure  will  show  that  the  velocities  are  first  great,  then  small,  then 
?reat,  and  so  on,  the  drum  being  first  moved  rapidly  for  a  short  time,  then 
for  a  short  time  nearly  brought  to  rest,  and  so  on.  In  short,  the  effect  of  the 
beating  of  notes  on  the  ear,  as  compared  with  that  of  a  continuous  note,  is 
strictly  analogous  to  the  effect  produced  on  the  eye  by  a  flickering,  as  com- 
pared with  a  steady,  light. 

It  may  be  proved  that  when  two  simple  notes  are  produced  by  ;;/  and  ;/ 
double  vibrations  per  second,  they  produce  tn  —  n  beats  per  second  ;  thus,  if 
C  is  produced  by  128,  and  D  by  144,  double  vibrations  per  second,  on  beini; 
>ounded  together  they  will  produce  16  beats  per  second.  It  has  been  ascer- 
tained that  the  beats  produced  by  two  notes  are  not  audible  unless  the  ratio 
«  : «  is  less  than  the  ratio  6  :  5.  Hence,  in  the  case  represented  by  fig.  216, 
though  the  alternations  of  intensity  exist,  they  would  not  be  audible.  Also, 
if  the  notes  have  very  diflferent  intensities,  the  intensity  of  the  beat  is  very 
niuch  disguised. 

It  is  found  that  when  beats  are  fewer  than  10  per  second  or  more  than  70 
per  second  they  are  disagreeable,  but  not  to  the  extent  of  producing  discord, 
locals  from  10  to  70  per  second  may  be  regarded  as  the  source  of  all  discord 
in  music,  the  maximum  of  dissonance  being  attained  when  about  30  beatb 
*'c  produced  in  a  second.  For  example,  if  c  and  B  are  sounded  together 
^hc  effeft  is  ver>'  discordant,  the  interval  between  those  notes  being  16  :  15, 
^0  that  the  beats  are  audible,  and  the  number  of  beats  per  second  being  16. 
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On  the  other  hand,  if  C,  E,  and  G  are  sounded  together  there  is  no  disso- 
nance ;  but  if  C,  E,  G,  B  are  sounded  together  the  discord  is  very  marked, 
since  C  produces  Cy  which  is  discordant  with  B.  It  will  be  remarked  that 
C,  E,  G  is  a  major  triad,  while  E,  G,  B  is  a  minor  triad. 

A  compound  musical  note,  being  composed  of  simple  notes  represented 
t>y  i»  2,  3,  4,  5,  6,  7,  &c.,  does  not  give  rise  to  any  simple  notes  capable  of 
producing  an  audible  beat  up  to  the  seventh — the  sixth  and  seventh  are  the 
first  that  produce  an  audible  beat.  It  is  for  this  reason  that  there  is  no 
trace  of  roughness  in  a  compound  note,  unless  the  seventh  harmonic  be 
audible. 

If  we  were  to  represent  graphically  a  compound  note,  we  should  proceed 
to  construct  a  curve  out  of  simple  notes  of  different  intensities  in  the  same 
manner  as  fig.  217  is  constructed  from  two  simple  notes  of  equal  intensity 
represented  by  fig.  216.  It  is  evident  that  the  resulting  curve  will  take 
different  fomts  according  to  the  presence  or  absence  of  different  harmonics 
and  their  different  intensities  ;  in  other  words,  the  colour  or  timbre  of  the 
notes  produced  by  different  instruments  will  depend  upon  the  fortn  of  the 
vibrations  producing  the  sound. 

Beats  not  too  fast  to  be  readily  counted  arise  between  adjacent  notes  in 
the  lower  octaves  of  large  organs.  They  are  also  met  with  in  the  sounds  of 
church  bells,  and  in  those  emitted  by  telegraph  wires  when  vibrating  power- 
fully in  a  strong  wind.  They  are  heard  very  distinctly  in  the  latter  case  by 
pressing  one  ear  against  a  telegraph-post  and  closing  the  other. 

By  means  of  beats,  the  notes  emitted  by  two  musical  instruments  may  be 
brought  into  ver>'  accurate  unison,  by  continuing  the  tuning  until  the  beats 
disappear.  In  order  to  make  tuning-forks  produce  the  normal  number  of 
440  vibrations,  an  auxiliary'  tuning-fork  is  used  which  makes  436  vibrations ; 
each  of  the  forks  under  experiment  must  then  give  4  beats  in  a  second,  which 
can  be  controlled  with  very  great  accuracy. 

263.  Combinational  notes. — Besides  the  beats  produced  when  two 
musical  notes  are  sounded  together,  there  is  another  and  distinct  pheno- 
menon, which  may  be  thus  described  : — Suppose  two  simple  notes  to  be 
simultaneously  produced  by  n  and  /;/  vibrations  per  'second.  It  has 
been  shown  by  Hclmholtz  that  they  generate  a  series  of  other  notes.  The 
principal  one  of  these,  which  may  be  called  the  differential  noie^  is 
produced  by  «  — ;//  vibrations  per  second.  Its  intensity  is  usually  ver>' 
small,  but  it  is  distinctly  audible  in  beats.  It  has  been  called  the  grave 
hartnofdc^  as  its  pitch  is  generally  much  lower  than  that  of  the  notes  by 
which  it  is  generated.  It  has  been  supposed  to  be  caused  by  the  beats  be- 
coming too  numerous  to  be  distinguished,  and  coalescing  into  a  continuous 
sound,  and  this  supposition  was  countenanced  by  the  fact  that  its  pitch  is 
the  same  as  the  beat  number.  The  supposition  is  shown  to  be  erroneous, 
first,  by  the  existence  of  the  differential  tones  for  intervals  that  do  not  beat ; 
and,  secondly,  by  the  fact  that,  under  certain  circumstances,  both  the  beats 
and  the  differential  tones  may  be  heard  together. 

264.  The  physical  constitution  of  musical  chords. — Let  us  suppose 
two  compound  notes  to  be  sounded  together,  say  C  and  G,  then  we  obtain 
two  series  of  notes  each  consisting  of  a  primary  and  its  harmonics,  namely, 
denoting  C  by  4,  the  two  scries,  4,8,  12,  16,  .  .  .  and  6,  12,  18,24,  &c.     Now, 
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if,  instead  of  producing  the  two  notes  C  and  G,  we  had  sounded  the  octave 
below  C,  we  should  have  produced  the  series,  2,  4,  6,  8,  10,  12,  14,  16,  18, 
&c.     It  is  plain  that  the  two  former  series  when  joined  differ  from  the  last  in 
the  following  respects  : — (a)  The  primary  note  2  is  omitted,     {b)  In  the  case 
of  the  last  series,  the  consecutive  notes  continually  decrease  in  intensity ; 
whereas  in  the  two  former  series,  4  and  6  are  of  the  same  intensity,  8  is  of 
lower  intensity,  but  the  two  1 2's  will  strengthen  each  other,  and  so  on.     {c) 
Certain  of  the  harmonics  of  the  primary  2  are  omitted  ;  for  example,  10,  14, 
&c,  do  not  occur  in  either  of  the  two  former  series.     In  spite  of  these  dif- 
ferences, however,  the  two  compound  notes  affect  the  ear  in  a  manner  very 
closely  resembling  a  single  compound  note ;  in  short,  they  coalesce  into  a 
single  note  with  an  artificial  colour.     It  may  be  added  that  in  the  case  above 
taken  C  and  G  produce  as  a  combination  note  2  (that  is  6-4),  so  that, 
strictly  speaking,  the  2  is  not  wanted  in  the  series  produced  by  C  and  G, 
only  it  exists  in  very  diminished  intensity.     The  same  explanation  will 
apply  to  all  possible  chords  ;  for  example,  in  the  case  of  the  major  chord, 
C,  £,  G,  we  have  a  note  of  artificial  colour  expressed  by  the  series  of  simple 
tones,  4,  5,6,  8,  10,  12,  15,  16,  18,  &c.,  together  with  the  combination  notes, 
1, 1,2.    It  will  be  remarked  that  in  the  whole  of  this  series  there  are  no  dis- 
sonant notes  introduced,  except  15,  16,  and  16,  18,  and  this  dissonance  will 
be  inappreciably  slight,  since  15  is  the  third  harmonic  of  5,  and  16  the 
fourth  harmonic  of  4,  so  that  their  intensities  will  be  different,  as  also  will  be 
the  intensities  of  16  and  18.     On  the  other  hand,  nearly  all  the  notes  which 
form  a  natural  compound  note  are  present,  namely,  there  are  i,  2,  4,  5,  6,  8, 
10, 12,  &c.,  in  place  of  1,2,  3,  4,  5,  6,  7,  8,  9,  10,  11,  12,  &c.     In  short,  the 
major  triad  differs  only  from  a  natural  compound  note  in  that  it  consists  of 
a  series  of  simple  notes  of  different  intensities,  and  omits  those  which,  by 
beating  with  its  neighbouring  note,  would  produce  dissonance  :  for  example, 
7.  which  would  beat  with  6  and  8  ;  9,  which  would  beat  with  8  and  10 ;  and 
II,  which  would  beat  with  10  and  12.     It  is  this  circumstance  which  renders 
the  major  chord  of  such  great  importance  in  harmony.     If  the  constituents 
'jf  the  minor  chord  are  similarly  discussed,  namely,  three  compound  tones 
*hosc  primaries  are  proportional  to  10,  12,  15,  it  will  be  found  to  differ  from 
the  major  chord  in  the  following  principal  respects  :  {a)  The  primary  of  the 
natural  tone  to  which  it  approximates  is  very  much  deeper  than  that  of  the 
corresponding  major  chord,     {b)  It  introduces  the  differential  notes,  2,  3,  5, 
*hich  form  a  major  chord.     Now  it  has  already  been  remarked  that  when  a 
nujor  and  minor  chord  are  sounded  together,  they  are  distinctly  dissonant ; 
for  example,  when  C,  E,  (},  A  are  sounded  together.     Accordingly,  the  fact 
'^f  the  differential  notes  forming  a  major  chord,  shows  that  an  elementary 
<lissonance  exists  in  ever)'  minor  chord. 
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CHAPTER    IV. 

VIBRATIONS  OF  STRETCHED  STRINGS,  AND  OF  COLUMNS  OF  AIR. 

265.  Vlbratloiui  of  striavs. — By  a  string  is  meant  the  string  o 
musical  instrument,  such  as  a  violin,  which  is  stretched  by  a  certain  fo: 
and  is  commonly  of  catgut  or  is  a  metal  wire.  The  vibrations  wl 
strings  experience  may  be  either  transverse  or  longitudinaly  but  practic 
the  former  are  alone  important.  Transverse  vibrations  may  be  produ 
by  drawing  a  bow  across  the  string,  as  in  the  case  of  the  violin  :  or 
striking  the  string,  as  in  the  case  of  the  pianoforte  ;  or  by  pulling  it  era 
versely,  and  then  letting  it  go  suddenly,  as  in  the  case  of  the  guitar  ; 
harp. 

266.  Sonometer. — The  sonometer  is  an  apparatus  by  which  the  tra 
verse  vibrations  of  strings  may  be  studied.     It  is  also  called  the  monachi 


Fig.  218. 

because  it  has  often  only  one  string.  In  addition  to  the  string,  it  c 
sists  of  a  thin  wooden  box  to  strengthen  the  sound ;  on  this  there  are  1 
fixed  bridges,  A  and  D  (fig.  218),  over  which  and  over  the  pulley  /f,  pas 
the  string,  which  is  usually  a  metal  wire.  This  is  fastened  at  one  end,  \ 
stretched  at  the  other  by  weights,  P,  which  can  be  increased  at  will, 
means  of  a  third  movable  bridge,  B,  the  length  of  that  portion  of  the  v 
which  is  to  be  put  in  vibration  can  be  altered  at  pleasure. 

267.  &aws   of  tlie   transTerse   ▼ibrattons   of  •trinvs. — If  /  be 
length  of  a  string — that  is,  the  vibrating  part  between  two  bridges,  A  and 
(fig.  218) — r  the  radius  of  the  string,  d  its  density,  P  the  stretching  \\€\% 
and  n  the  number  of  vibrations  per  second,  it  is  found  by  calculation  t 

;/  =    '    .l-K. ;  tr  being  the  ratio  of  the  circumference  to  the  diametei 

the  acceleration  of  gravity. 
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The  above  formula  expresses  the  following  laws  : — 

I.  Tkt  stretching  weight  or  tension  being  constant^  the  number  of  vibra- 
tions in  a  second  is  inversely  as  the  length, 

II.  The  number  of  vibrcUions  in  a  second  is  inversely  as  the  diameter  of 
the  string. 

III.  The  number  of  vibrations  in  a  second  is  directly  as  the  square  root  of 
tke  stretching  weight  or  tension. 

IV.  The  number  of  vibrations  in  a  second  of  a  string  is  inversely  as  the 
square  root  of  its  density. 

These  laws  are  applied  in  the  construction  of  stringed  instruments,  in 
^ich  the  leng^th,  diameter,  tension,  and  material  of  the  strings  are  so 
chosen  that  given  notes  may  be  produced  from  them« 

268.  BsKperimental  Terilloatloii  of  the  laws  of  tbe  transTene  Tibra- 
tliB  ef  •trinrs. — Law  of  the  lengths.  In  order  to  prove  this  law,  we  may 
call  to  mind  that  the  relative  numbers  of  vibrations  of  the  notes  of  the  gamut 
are 

CDEFGABc 

•  0  5  4  3  1  3J  •^ 

■  8  «  3  a  3  8  ^   . 

If  now  the  entire  leng^th  of  the  sonometer  be  made  to  vibrate,  and  then,  by 
nieans  of  the  bridge  B,  the  lengths  |,  |,  |,  |,  |,  ^,  i,  which  are  the  inverse  of 
the  above  numbers,  be  successively  made  to  vibrate,  all  the  notes  of  the 
gamut  are  successively  obtained,  which  proves  the  first  law. 

Ijonv  of  the  diameters.  This  law  is  verified  by  stretching  upon  the  sono- 
meter two  cords  of  the  same  material,  the  diameters  of  which  are  as  3  to  2, 
for  instance.  When  these  are  made  to  vibrate,  the  second  cord  gives  the 
fifth  above  the  other  ;  which  shows  that  it  makes  three  vibrations  while  the 
first  makes  two. 

Law  of  the  tensions.  Having  placed  on  the  sonometer  two  identical 
strings,  they  are  stretched  by  weights  which  are  as  4  :  9.  The  second  now 
pvcs  the  fifth  of  the  first,  from  which  it  is  concluded  that  the  numbers  of 
ihcir  vibrations  are  as  2  :  3  ;  that  is,  as  the  square  roots  of  the  tensions.  If 
the  two  weights  are  as  16  to  25,  the  major  third  or  f  would  be  obtained. 

Law  of  the  densities.  Two  strings  of  the  same  radius,  but  different 
densities,  are  fixed  on  the  sonometer.  Having  been,  subjected  to  the  same 
strrtching  weight,  the  position  of  the  movable  bridge  on  the  denser  one  is 
altered  until  it  is  in  unison  with  the  other  string.  If  then  ^and  d^  are  the 
densities  of  the  two  strings,  and  /  and  /'  the  lengths  which  vibrate  in  unison, 

^e    find   -«^L_.     But  as  we  know  from  the  first  law  that    -=  ',  we  have 
^     s/d'  ^      ^ 

,■ ,  which  verifies  this  law.     Thus  if  a  copper  wire,  whose  density  is  9, 

and  a  catgut  string  of  the  density  i,  are  of  equal  length  and  diameter,  and 
are  stretched  by  the  same  weight,  the  vibrations  of  the  copper  wire  will  be 
'^ne-ihird  as  rapid  as  those  of  the  string. 

269.  Vodes  and  loops.— Let  us  suppose  the  string  AD  (fig.  218)  to  begin 
vibrating,  the  ends  A  and  D  being  fixed,  and  while  it  is  doing  so,  let  a  point, 
Ji  be  brought  to  rest  by  a  stop,  and  let  us  suppose  DH  to  be  one-third  part 
of  AI).    The  part  DB  must  now  vibrate  about  B  and  D  as  fixed  points  in 


r 
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indicated  by  Ihe  conilnuous  and  dotted  lines  ;  now  all  parts  > 
string  tend  to  make  a  vibration  in  the  same  time  ;  accordingly  th 
part  between  A  and  B  will  not  perform  a  single  vibration,  but  will  divide  int 
two  at  the  point  C,  and  vibrate  in  the  manner  shown  in  the  tigure.  If  Bl 
were  one-fourth  part  of  AD  (fig.  220),  the  part  AD  would  be  subdivided  a 
C  and  C  into  three  vibrating  portions  each  equal  to  BD.  The  points  B,  C,  t 
are  called  nudes  or  nodal  points :  the  middle  point  of  the  part  of  the  strin 
lietween  any  two  consecutive  nodes  is  called  a  loop  or  ventral  segment.  I 
will  be  remarked  that  the  ratio  of  BD  :  BA  must  be  that  of  some  two  who! 
numbers,  for  example,  i  :  3,  i  :  3,  3  :  3,  &c.,  otherwise  the  nodes  cannot  b 
formed,  since  the  two  portions  of  the  string  cannot  then  be  made  to  vibral 
in  the  same  time,  and  the  vibrations  will  interfere  with  and  soon  destroy  on 

If  now  we  refer  to  fig.  219,  the  existence  of  the  node  at  C  can  be  easil 
proved  by  bending  some  light  pieces  of  paper,  and  placing  them  on  the  strinj 
say  three  pieces,  on 
ig.iig.  at  C  and  the  oihei 

respectively  mid 
way  between  B  an 
C,  and  between  < 
and  A.  The  one  i 
C  experiences  oni 
a  very  slight  motior 
and  remains  in  it 
place,  thereby  pro* 

other 


C;  ih 


lenlly   shaken. 


in  most  cases  thrown  off  the  string. 

When  a  musical  string  vibrates  between  fixed  points  A  and  B,  its  moiio 
is  not  quite  so  simple  as  might  be  inferred  from  the  above  description.  1 
point  of  fact,  partial  vibrations  are  soon  produced,  and  superimposed  upo 
the  primary  vibrations.  The  partial  vibrations  correspond  to  the  half,  thlrt 
fourth,  &c.,  parts  of  the  string.  It  is  by  these  partial  vibrations  that  ih 
harmonics  are  produced  which  accompany  the  fundamental  note  due  to  th 
primary  vibrations  ;  they  are  usually,  however,  so  feeble  as  to  be  impercep 
tible  to  ordinary  ears. 

270.  IVtnd  InmtmmentB. —  In  the  cases  hitherto  considered,  the  sottn' 
results  from  the  vibrations  of  solid  bodies,  and  the  air  only  serves  asavehicl 
for  transmitting  them.  In  wind  instruments,  on  the  contrary,  when  the  side 
of  the  tube  are  of  adequate  thickness,  the  enclosed  column  of  air  is  the  sound 
ing  body.  In  fact,  the  substance  of  the  lubes  is  without  influence  on  th 
fundamental  note  ;  with  equal  dimensions,  it  is  the  same  whether  the  tubes  ar 
of  glass,  of  wood,  or  of  metal.  These  ditTerent  materials  simply  do  no  mor 
than  give  rise  to  different  harmonics,  and  thereby  impart  a  different  qualir 
to  the  compound  tone  produced. 

In  reference  lo  the  manner  in  which  the  air  in  lubes  is  made  to  vibrate 
wind  instruments  are  divided  into  mouth  instruments  and  reed  instnimcim. 


:s  all  parts  of  the  mouth- 
juthpiece  of  an  organ  pipe,  and 
In  both 
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171.  aCoRfb  iDatenmntB.— In  mouth  ii 
piece  are  fixed.     Fig.  132  represents  the  m 
tig.  331  that  of  a  whistle,  or  of  a  flageolet 
figures,  the  aperture  ib  is  called  the  mouth ;  it  is  here 
ihat  air  enters  the  pipe  ;  b  and  0  are  the  Hps,  the  upper 
one  of  which  is  bevelled.    The  mouthpiece  is  fixed  at 
one  end  of  a  tube,  the  other  end  of  which  may  be 
either  opened  or  closed.     In  tig.  222  the  tube  can  be 
fitted  on  a  wind-chest  by  means  of  the  foot  P. 

When  a  rapid  current  of  air  enters  by  the  mouth, 
it  itriltes  against  the  upper  lip,  and  a  shock  is  pro-  )h 

duced  which  causes  the  air  to  issue  from  ba  in  an 
intermittent  manner.     In  this  way,  pulsations  are  pro-     V^ 
dnced  which,  transmitted  to  the  air  in  the  pipe,  make         \ 
it  vibrate,  and  a  sound  is  the  result.     In  order  that  a  >, 

pure  note  may  be  produced,  there  must  be  a  certain  ^  - 

relation  between  the  form  of  the  lips  aad  the  mag- 
nitude of  the  mouth  ;  the  lube  also  ought  to  have  a 
pew  length  in  comparison  with  its  diameter.     The       ^'^-  "'■        ^'*'  '"■ 
number  of  vibrations  depends  in  general  on  the  dimensions  of  the  pipe,  and 
the  velocity  of  the  current  of  air. 

272.  ae«d  iiutmmenta.— In  reed  inslrumems  a  simple  elastic  tongue 
sett  the  air  in  vibration.  The  tongue,  which  is  cither  of  metal  or  of  wood,  is 
moved  by  a  current  of  air.  The  mouthpieces  of  the  oboe,  the  bassoon,  the 
clarionet,  the  child's  trumpet,  are  different  applications  of  the  reed,  which, 
11  may  be  remarked,  is  seen  in  its  simplest  form  in  the  Jew's  harp.  Some 
otpui  pipes  are  reed  pipes,  others  are  mouth  pipes. 

Fig.  333  represents  a  model  of  a  reed  pipe  as  commonly  shown  in 
lectures.  It  is  fixed  on  the  wind-chest  Q  of  a  bellows,  and  the  vibrations 
of  the  reed  can  be  seen  through  a  piece  of  glass,  E,  fitting  into  the  sides. 
A  wooden  horn,  H,  strengthens  the  sound. 

Fig.  224  shows  the  reed,  out  of  the  pipe.  It  consists  of  four  pieces  :  isi, 
a  reaangular  wooden  tube  closed  below  and  open  above  at  o  ;  snd,  a 
copper  plate  cc  forming  one  side  of  the  tube,  and  in  which  there  is  a  longitu- 
dinal aperture,  through  which  air  passes  from  the  tube  M  N  to  the  orifice  o ; 
3rd,  a  thin  elastic  plate,  i,  called  the  tongue,  which  is  fixed  at  its  upper  end, 
Ud  which  grazes  the  edge  of  the  longitudinal  aperture,  nearly  closing  it  ; 
4lh,  a  curved  wire,  r,  which  presses  against  the  tongue,  and  can  be  moved 
upanddown.  It  thus  regulates  the  length  of  the  tongue,  and  determines 
'he  pitch  of  the  note.  It  is  by  this  wire  that  reed  pipes  are  tuned.  The 
ted  being  replaced  in  the  pipe  MN,  when  a  current  of  air  enters  by  the 
*"«  P,  the  tongue  is  compressed,  it  bends  inwards,  and  affords  a  passage  to 
^n  which  escapes  by  the  orifice  a  But,  being  elastic,  the  tongue  regains 
'"  original  position,  and  performing  a  series  of  oscillations  successively 
'^s  and  closes  the  orifice.  In  this  way  sonorous  waves  result  and  pro- 
'^'K.t  a  note,  whose  pitch  increases  with  the  velocity  of  the  current. 

In  this  reed  the  tongue  vibrates  alternately  before  and  behind  the  apcr- 
"re.  and  just  escapes  grazing  the  edges,  as  is  seen  in  the  harmonium,  con- 
certina, 4c, ;  such  a  reed  is  called  a  free  reed.     But  there  are  other  reids 


rinn.  The  reed  of  ihe  cl 
represented  i 
ample  of  this  ;  ii  is  kep 
place  by  the  pressure  of  i 
The  reeds  of  the  hauth 
bassoon  are  also  of  this  kii 

by  the  Bame  plpe.^Dan 

discovered  that  ih 
irgati  pipe  can  be  made  to 
by  r 
varying  the  force  of  the 
of  air.  The  results  he  arr 
may  be  thus  stated  :— 

i.  If  the  pipe  is  open 
end  opposite  1 
then,  denoting  the  fund; 
note  by  i,  we  can,  by  gr 
increasing  the  force  of  the 
of   air,    obtain 

4.  5.  &<:■ ;    thi 
say,  the  harmaitics  of  the  j 

ii.  If  the  pipe  is  closed 

end  opposite  to  the  moui 

""'"''■  ••!,■'".•       "fc.  "i-  then,   denoting    the   fundi 

note  by  I,  we  can,  by  gradually  increasing  the  force  of  the  current 

obtain  successively  the  notes  3,  g,  7,  &c. ;  that  is  to  say,  the  uneven  ha\ 

of  Ihe  primary  note. 

A  closed  and  an  open  pipe  yield  the  same  fundamental  note,  if  th< 
pipe  is  half  the  length  of  the  open  pipe,  and  in  other  respects  they  are  th 
In  any  case  it  is  impossible  to  produce  from  the  given  pipe  a  n 
included  in  the  above  series  respectively. 

Although  the  above  laws  are  enunciated  with  reference  to  an  orgs 
they  are  of  course  inic  of  any  other  pipe  of  uniform  section. 

274.  Ontba  Ditdem  mud  loopa  or  an  orKan  plp«> — The  vibrat 
the  air  producing  a  musical  note  take  place  in  a  direction  parallel  to  I 
of  the  pipe — not  transversely  as  in  (he  case  of  the  portions  of  a  vi 
string.  In  the  former  case,  however,  as  well  as  in  ihe  latter,  the  phei 
of  nodes  and  loops  may  be  produced.  IJut  now  by  a  node  must  be  und 
a  section  of  the  column  of  air  contained  in  the  pipe,  where  the  partii 
main  at  rest,  but  where  there  are  rapid  alternations  of  condensation  ar 
faeiioH.  By  a  loop  or  ventral  segment  must  be  understood  a  section 
column  of  air  contained  in  the  pipe  where  the  vibrations  of  the  part 
air  have  the  greatest  amplitudes,  and  where  there  is  no  change  of  i 
The  sections  of  the  colmnn  of  air  are,  of  course,  made  at  right  angle 
axis.  When  the  column  of  air  is  divided  into  several  vibrating  port 
found  that  the  distance  between  any  two  consecutive  loops  is  q; 
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and  that  it  is  bisected  by  a  node.    We  can  now  consider  separately  the  cases 

of  the  open  and  closed  pipes. 

i.  In  the  case  of  a  stopped  pipe,  the  bottom  is  always  a  node,  for  thq 

layer  of  air  in  contact  wiih  it  is  necessarily  at  rest,  and  only  undergoes 

variations  in  density.  At  the  mouthpiece,  on  the  contrary,  where  the  air  has 
a  constant  density,  that  of  the  atmosphere,  and  the  vibration  is  at  its  maxi- 
mum, there  is  always  a  loop.  In  any  stopped  pipe  there  is  at  least  one  node 
and  one  loop  (fig.  226) ;  the  pipe  then  yields  its  fundamental  note,  and  the 
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Fig.  236.        Fig.  227.        Fig.  228. 


Fig.  229.  Fig.  230.         Fig.  231. 


distance  VN  from  the  loop  to  the  node  is  equal  to  half  a  condensed  or 
rarefied  wave-length. 

If  the  current  of  air  be  forced,  the  mouthpiece  always  remains  a  loop, 
and  the  bottom  a  node,  the  column  divides  into  three  equal  parts  (fig.  227), 
and  an  intermediate  node  and  loop  are  formed.  The  sound  produced  is  the 
first  harmonic.  When  the  second  harmonic  (5)  is  produced,  there  arc  two 
intermediate  nodes  and  two  loops,  and  the  tube  is  then  subdivided  into  five 
^ual  parts  (fig.  228),  and  so  on. 

ii.  In  the  case  of  the  open  pipe,  whatever  note  it  produces,  there  must  be 
a  loop  at  each  end,  since  the  enclosed  column  of  air  is  in  contact  with  the 
external  air  at  those  points.  When  the  primary'  note  is  produced,  there  will 
be  a  loop  at  each  end,  and  a  node  at  the  middle  section  of  the  pipe,  the  nodes 
and  loops  dividing  the  column  into  two  equal  parts  (fig.  229).  When  the 
first  harmonic  (2)  is  produced,  there  will  be  a  loop  at  each  end,  and  a  loop 
in  the  middle,  the  column  being  divided  into/^«^r  equal  parts  by  the  alternate 
loops  and  nodes  (fig.  230).  When  the  second  harmonic  (3)  is  produced,  the 
<^olumn  of  air  will  be  divided  into  six  equal  parts  by  the  alternate  nodes  and 
J'^ops,  and  so  on  (fig.  231).  It  will  be  remarked  that  the  successive  modes 
^  division  of  the  vibrating  column  are  the  only  ones  compatible  with  the 
alternate  recurrence  at  equal  intervals  of  nodes  and  loops,  and  with  the 
occurrence  of  a  loop  at  each  end  of  the  pipe. 

L3 
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of  nodes  and  loops 


There  are  several  experiments  by  which  the  e: 
fan  be  shown, 

(*)  If  a  fine  membrane  is  stretched  over  a  pasteboard  ring,  and  has 
sprinkled  on  it  some  fine  sand,  it  can  be  gradually  let  down  a  tube,  as  shou-n 
in  fig.  234.  Now  suppose  the  tube  to  be  producing  a  musical  note.  .A3  the 
membrane  descends,  it  will  be  set  in  vibration  by  the  vibrating  air.  But 
when  it  reaches  a  node  it  will  cease  to  vibrate,  for  there  the  air  is  at  rest. 
Consequently  the  grains  of  sand,  too,  will  be  at  rest,  and  their  quiescence 


L 


wilt  indicate  the  position  of  the  no<Ie.  On  the  other  hard,  when  the  mem- 
brane reaches  a  loop  — thai  is,  a  point  where  the  amplitude  of  the  vibrations 
of  rhe  air  attains  a  maximum— it  will  be  violently  agitated,  as  will  be  shown 
by  the  Station  of  the  grains  of  sand.  And  thus  the  positions  of  the  loops 
can  be  rendered  manifest. 

(*)  .Again,  suppose  a  pipe  to  be  constructed  wiih  holes  bored  in  one  of 
its  sides,  and  these  covered  by  little  doors  which  can  be  opened  and  shut,  as 
shown  in  fig.  232.  Let  us  suppose  the  little  doors  to  be  shut  and  the  pipe  to 
be  caused  to  produce  such  a  note  ihat  the  nodes  are  at  N  and  N'  and  the 
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loops  at  V,  V,  V".  At  the  latter  points  the  density  is  that  of  the  external 
air,  and  consequently  if  the  door  at  V  is  opened  no  change  is  produced  in 
the  note.  At  the  former  points,  N  and  N',  condensation  and  rarefaction  are 
alternately  taking  place.  If  now  the  door  at  N''  is  opened,  this  alternation 
of  density  is  no  longer  possible,  for  the  density  at  this  open  point  must  be 
the  same  as  that  of  the  external  air,  and  consequently  N'  becomes  a  loop, 
and  a  note  yielded  by  the  tube  is  changed.  The  change  of  notes,  produced 
by  changing  the  fingering  of  the  flute,  is  one  form  of  this  experiment. 

(r)  Suppose  A,  in  fig.  233,  to  be  a  pipe  emitting  a  certain  note,  and  sup- 
pose P  to  be  a  plug,  fitting  the  tube,  fastened  to  the  end  of  a  long  rod  by 
which  it  can  be  forced  down  the  tube.  Now  when  the  plug  is  inserted, 
whatever  be  its  position,  there  will  be  a  node  in  contact  with  it.  Conse- 
quently, as  it  is  gradually  forced  down,  the  note  yielded  by  the  pipe  will 
keep  on  changing.  But  every  time  it  reaches  a  position  which  was  occupied 
by  a  node  before  its  insertion,  the  note  becomes  the  same  as  the  note 
originally  yielded.  For  now  the  column  of  air  vibrates  in  exactly  the  same 
manner  as  it  did  before  the  plug  was  put  in. 

(</)  Fig.  235  shows  another  mode  of  illustrating  the  same  point,  which  is 
identical  in  principle  with  Konig's  manometric  flames.     The  figure  repre- 
sents an  organ  pipe,  on  one  side  of  which  is  a  chest,  P,  filled  with  coal  gas, 
by  means  of  the  tube  S.    The  gas  from  the  chest  comes  out  in  three  jets,  A, 
B,  C,  and  is  then  ignited.     The  manner  in  which  the  gas  passes  from  the 
chest  to  the  point  of  ignition  is  shown  in  the  smaller  figure,  which  is  an 
enlarged  section  of  A.     A  circular  hole  is  bored  in  the  side  of  the  pipe  and 
covered  with  a  membrane,  r.     A  piece  of  wood  is  fitted  into  the  hole  so  as 
to  leave  a  small  space  between  it  and  the  membrane.     The  gas  passes  from 
the  chest,  in  the  direction  indicated  by  the  arrow,  into  the  space  between 
the  membrane  and  the  piece  of  wood,  and  so  out  of  the  tube, ;//,  at  the  mouth 
of  which  it  is  ignited.     Now  suppose  the  pipe  to  be  caused  to  yield  its 
primary  note,  then  as  it  is  an  open  pipe  there  ought  to  be  a  node  at   H, 
its  middle  point.     Consequently  there  ought  to  be  rapid  changes  of  density 
at  B  ;  these  would  cause  the  membrane,  r,  to  vibrate,  and  thereby  blow  out 
the  flame,  m,  and  this  is  what  actually  happens.     If  by  increasing  the  force 
of  the  wind  the  octave  to  the  primary  note  is  produced,  B  will  be  a  loop, 
and  A  and  C  nodes.     Consequently  the  flames  at  A  and  C  will  now  be  ex- 
tinguished, as  is,  in  point  of  fact,  the  case.     But  at  B,  there  being  no  change 
of  density,  the  membrane  is  unmoved,  and  the  flame  continues  to  burn 
steadily. 

By  each  and  all  of  these  experiments  it  is  shown  that  in  a  given  pipe, 
whether  open  or  closed,  there  are  always  a  certain  number  of  nodes,  and 
midway  between  any  two  consecutive  nodes  there  is  always  a  loop  or  ventral 
iegment. 

275.  rommlse  relative  to  the  number  of  Tlbrations  prodaoed  by  a 
*>«tleal  pipe. —  It  follows  from  what  has  been  said  that  the  column  of  air 
in  stopped  pipes  is  always  divided  by  the  nodes  and  loops  into  an  uneven 
number  of  parts  which  are  equal  to  each  other,  and  each  of  which  is  a  quarter 
"fa  complete  vibration  (figs.  226,  227,  and  228),  while  in  an  open  pipe  it  is 
divided  into  an  even  number  of  such  parts  (figs.  229,  230,  231).  If  L  be  the 
length  of  the  pipe,  /  the  wave-length  of  the  sound  which  it  emits,  and  /  any 
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whole  number,  then  for  stopped  pipes  we  have  L-(2/+i)-;    and   for 

4 

open  pipes  L*2/-=^-.    Replacing  in  each  of  these  formulae  /by  its  value 

4     2 

(253)  we  have  L  =  (2i>  -i- 1)  —  and  L=  '—  :  from  which  for  stopped  pipes 

we  have  n  =    ^  ,   ^^,   and  for  open  ones  « «-??  . 

4L  2L 

If,  in  the  first  formula,  we  give  to/  the  successive  values  o,  i,  2, 3,  4,  &c., 

we  have  «  «    .*'     21!,    51f,  that  is,  the  fundamental  sound  and  all  its  uneven 
4L    4L    4L' 

harmonics  ;  and  in  the  formula  for  the  open  pipe  we  get  similarly-— -- ,  •^-, 
&c.,  that  is,  the  fundamental  note  and  all  its  harmonics  even  and  uneven. 

276.  Bxplanation  of  the  existence  of  nodes  fuid  loops  in  a  musical 
box. — The  existence  of  nodes  and  loops  is  to  be  explained  by  the  co- 
existence in  the  same  pipe  of  two  equal  waves  travelling  in  contrary 
directions. 

Let  A  (fip^.  236)  be  a  point  from  which  a  series  of  waves  sets  out  towards 
B,  and  let  the  length  of  these  waves,  whether  of  condensation  or  rarefaction, 
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be  AC.  CU,  DB.  And  let  B  be  the  point  from  which  the  series  of  exactly 
equal  waves  sets  out  towards  A.  It  must  be  borne  in  mind  that  in  the  case 
of  a  wave  of  condensation  originating  at  A  the  particles  move  in  the  direc- 
tion A  to  B,  but  in  a  wave  of  condensation  originating  at  B  they  move  in  the 
direction  B  to  A.  Now  let  us  suppose  that  condensation  at  C,  caused  by 
the  wave  from  A,  begins  at  the  same  instant  that  condensation  caused  by 
the  wave  from  B  begins  at  D.  Consequently,  restricting  our  attention  to 
the  particles  in  the  line  CD,  at  any  instant  the  velocities  of  the  particles  in 
CD  due  to  the  former  wave  will  be  represented  by  the  ordinates  of  the 
curve  SPRT,  while  those  due  to  the  wave  from  B  will  be  represented  by  the 
co-ordinates  of  the  curve  TQrS.  Then,  since  the  waves  travel  with  the  same 
velocity,  and  are  at  C  and  D  respectively  at  the  same  instant,  we  must  have 
for  any  subsequent  instant,  CR  equal  to  Dr.  If,  therefore,  N  is  the  middle 
f)oint  between  C  and  D,  we  must  have  rN  equal  to  RN,  and  consequently 
PN  equal  to  QN  :  that  is  to  say,  if  the  particle  at  N  transmitted  only  one 
vibration,  its  motion  at  each  instant  would  be  in  the  opposite  phase  to  that 
of  its  motion  if  it  transmitted  only  the  other  vibration.  In  other  words,  the 
particle  N  will  at  every  instant  tend  to  be  moved  with  equal  velocity  in 
opposite  directions  by  the  two  waves,  and  therefore  will  be  permanently  at 
rest.     That  point  is  therefore  a  tiode.     In  like  manner  there  is  a  node  at  N' 
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midway  between  A  and  C,  and  also  at  N^'  midway  between  B  and  D.     In 
regard  to  the  motion  of  the  remaining  particles,  it  is  plain  that  their  respec- 
tive velocities  will  be  the  (algebraical)  sum  of  the  velocities  they  would  at 
each  instant  receive  from  the  waves  separately.     Hence,  at  the  instant  indi- 
cated by  the  diagram,  they  are  given  by  the  ordinates  of  the  curve  HNK. 
This  curve  will  change  from  instant  to  instant,  and  at  the  end  of  the  time 
occupied  by  the  passage  of  a  wave  of  condensation  (or  of  rarefaction^  from 
C  to  D  will  occupy  the  position  shown  by  the  dotted  line  h^fc.     It  is  evident 
therefore  that  particles  near  N  have  but  small  changes  of  velocity,  whilst  those 
near  C  and  D  experience  large  changes  of  velocity. 

If  the  curve  HK  were  produced  both  ways,  it  would  always  pass  through 
N'and  N";  the  part,  however,  between  N  and  N'  would  sometimes  be  on 
one  side,  and  sometimes  on  the  other  side  of  AB.  Hence  all  the  particles 
between  N'  and  N  have,  simultaneously,  first  a  motion  in  the  direction  A  to 
B,  and  then  a  motion  in  the  direction  B  to  A,  those  particles  near  C  having 
the  latest  amplitude  of  vibrations.  Accordingly  near  N  and  N'  there  will 
be  alternately  the  greatest  condensation  and  rarefaction. 

This  explanation  applies  to  the  case  in  which  AB  is  the  axis  of  an  open 
organ-pipe,  A  being  the  end  where  the  mouthpiece  is  situated.  The  waves 
from  B  have  their  origin  in  the  reflections  of  the  series  of  waves  from  A.  In 
the  particular  case  considered,  the  note  yielded  by  the  pipe  is  that  indicated 
by  3 ;  that  is,  the  fifth  above  the  octave  to  the  primary  note.  A  similar  ex- 
planation can  obviously  be  applied  to  all  other  cases,  and  whether  the  end 
be  opened  or  closed.  But  in  the  latter  case  the  series  of  waves  from  the 
closed  end  must  commence  at  a  point  distant  from  the  mouthpiece  by  a 
space  equal  to  one  half,  or  three  halves,  or  five  halves,  &c.,  of  the  length  of 
a  wave  of  condensation  or  expansion. 

277.  Xiindt**  determination  of  the  Telocity  of  soiind. — Kundt  has 
devised  a  method  of  determining  the  velocity  of  sound  in  solids  and  in 
^ses  which  can  be  easily  performed  by  means  of  simple  apparatus,  and  is 
capable  of  great  accuracy.  A  glass  tube,  BB',  about  two  yards  long  (fig.  237) 
and  two  inches  in  internal  diameter,  is  closed  at  one  end  by  a  movable 
stopper  b  ;  the  other  end  is  fitted  with  a  cork  KK,  which  tightly  grasps  a 
glass  tube,  AA',  of  smaller  dimensions.  This  is  closed  at  one  end  by  a 
piston,  tf,  which  moves  with  gentle  friction  in  the  outer  tube  BB'.  Then  by 
nibbing  the  fi-ee  end  of  the  tube,  AA',  with  a  wet  cloth,  it  produces  longitu- 
dinal vibrations,  and  these  transmit  their  motion  to  the  air  in  the  tube  ab. 
^f  the  tube  ab  contain  some  lycopodium  powder,  this  is  set  in  active  vibra- 
tion and  then  arranges  itself  in  small  patches  in  a  certain  definite  order  .is 
represented  in  the  figure,  the  nature  and  arrangement  of  which  depend  on 
^bc  vibrating  part  of  the  rod  and  the  tube. 

These  heaps  represent  the  nodes,  and  the  mean  distance  d  between  them 
^  be  measured  with  great  accuracy ;  it  represents  the  distance  between 
1*0  nodes,  or,  half  a  wave-length  ;  that  is,  the  wave-length  of  the  sound  in 
air  is  2//.  If  the  rod  has  the  length  s  and  is  grasped  in  the  middle  by  the 
cork  KK,  from  the  law  of  the  longitudinal  vibrations  of  rods  (281),  the  wave- 
Jwgth  of  the  sound  it  then  emits  is  twice  its  length,  or  2s.  That  is,  the 
»ave-length  of  the  vibrating  column  of  air  is  to  that  in  the  rod  as  2(i :  2s. 
As  the  velocity  of  sound  in  any  body  is  equal  to  the  wave-length  in  that 
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body  mulliplied  by  the  number  of  vibrations  in  a  second ;  and  since  the 
number  of  vibrations  is  here  the  same  in  both  cases,  for  the  note  is  the 
same,  the  velocity  of  sound  in  the  glass  is  to  the  velocity  ot 
sound  in  air  as  2Sft  :  2^//,  that  is,  as  s  \  d.  Thus  when  the  glass 
tube  was  clamped  in  the  middle  by  KK,  so  that  the  length  ab 
was  equal  to  half  the  length  of  the  tube  AA',  the  number  of  the 
ventral  segments  was  eight.  This  corresponds  to  a  ratio  of 
wave-length  of  i  to  16  :  in  other  words,  the  velocity  of  sound  in 
glass  is  16  times  that  in  air. 

The  method  is  capable  of  great  extension.     By  means  of 

the  stopcock  w,  different  gases  could  be  introduced  instead  of 

air,  and  corresponding  differences  found  for  the  length  of  the 

ventral  segments  ;  from  which,  by  a  simple  calculation,  the  cor- 

_  responding  velocities  were  found.     Thus  the  velocities  of  sound 

I  in   carbonic  acid,  coal  gas,  and  hydrogen,  were  found  to  be 

'Wr'"'      respectively  08,  i  -6,  and  356  that  of  air,  or  nearly  as  the  inverse 

I  squares  of  the  densities. 
So  also  by  varying  the  material  of  the  rod  A  A',  different 

-A     velocities  are  obtained.     Thus  the  velocity  in  steel  was  found  to 
be  I5'24,  and  that  in  brass  10-87  that  of  air. 
|i  Ktindfs  figures  may  also  be  obtained  by  providing  glass 

tubes  a  yard  or  two  in  length  with  lycopodium  powder,  as  in 
the  above  experiment,  and  hermetically  sealing  them  at  both 
ends.     The  tubes  are  then  put  into  longitudinal  vibrations ;  in- 

II  stead  of  air  they  may  be  filled  with  hydrogen  or  any  other  gas. 
U&  278.  Cliemloal    barmonioon. — The    air    in  an   open   tube 
■^         may  be  made  to  give  a  sound  by  means  of  a  luminous  jet  of 

hydrogen,  coal  gas,  &c.  When  a  glass  tube  about  12  inches 
long  is  held  over  a  lighted  jet  of  hydrogen  (fig.  238),  a  note  is 
produced,  which,  if  the  tube  is  in  a  certain  position,  is  the  funda- 
mental note  of  the  tube.  The  sounds,  doubtless,  arise  from 
the  successive  explosions  produced  by  the  periodic  combina- 
tions of  the  atmospheric  oxygen  with  the  issuing  jet  of  hydrogen. 
The  apparatus  is  called  the  chemical  harmonicon. 

The  note  depends  on  the  size  of  the  flame  and  the   length 
4'       of  the  tube  :  with  a  long  tube,  by  var>-ing  the  position  of  the  jet 
in  the  tube,  the  series  of  notes  in  the  ratio  1:2:3:4:5  is 
^''^'  '5^       obtained. 

If,  while  the  tube  emits  a  certain  sound,  the  voice  or  the  syren  (242) 
be  gradually  raised  to  the  same  height,  as  soon  as  the  note  is  nearly  in 
unison  with  the  harmonicon,  the  flame  becomes  agitated,  jumps  up  and 
down,  and  is  finally  steady  when  the  two  sounds  are  in  unison.  If  the 
note  of  the  syren  is  gradually  heightened  the  pulsations  again  commence ; 
they  are  the  optical  expressions  of  the  beats  (262)  which  occur  near  perfect 
unison. 

If,  while  the  jet  bums  in  the  tube  and  produces  a  note,  the  position  of 
the  tube  is  slightly  altered,  a  point  is  reached  at  which  no  sound  is  heard. 
If  now  the  voice,  or  the  syren,  or  the  tuning-fork,  be  pitched  at  the  note 
produced  by  the  jet,  it  begins  to  sing,  and  continues  to  sing  even  after  the 


179] 


Stringed  Instruments, 


231 


syren  is  silent.    A  mere  noise,  or  shouting  at  an  incorrect  pitch,  affects  the 
flame,  but  does  not  cause  it  to  sing. 

These  effects  may  be  conveniently  studied  by  means  of  a  gas-burner, 
over  which,  at  a  distance  of  four  inches,  a  ring  covered  with  fine  wire  gauze 
is  fixed.  The  gas  is  lighted  above  the  gauze,  and  forms  a  very  sensitive 
flame,  especially  when  a  moderately  wide  tube  is  held  over  the  gauze.  If 
the  gauze  is  raised  with  the  tube,  the  flame  becomes  duller  and  smaller,  but 
begins  to  sound  with  a  uniform  loud  tone.  If  now  the  gauze  is  lowered  so 
that  the  flame  is  just  silent,  it  begins  at  once  when  any  noise  is  made,  but 
ceases  with  the  noise. 

279.  Strlnred  instmrnent*. — Stringed  musical  instruments  depend  on 
the  production  of  transverse  vibrations.  In  some, 
such  as  the  piano,  the  sounds  are  constant^  and  each 
note  requires  a  separate  string ;  in  others,  such  as 
the  violin  and  guitar,  the  sounds  are  varied  by  the 
Angering,  and  can  be  produced  by  fewer  strings. 

In  the  piano  the  vibrations  of  the  strings  are  pro- 
duced by  the  stroke  of  the  hammer^  which  is  moved 
hya  series  of  bent  levers  communicating  with  the 
Iscys.  The  sound  is  strengthened  by  the  vibrations 
of  the  air  in  the  sounding  board  on  which  the  strings 
^  stretched.  Whenever  a  key  is  struck,  a  damper 
is  raised  which  falls  when  the  finger  is  removed  from 
the  key,  and  stops  the  vibrations  of  the  correspond- 
ing string.  By  means  of  a  pedal  all  the  dampers  can 
he  simultaneously  raised,  and  the  vibrations  then 
last  for  some  time. 

The  harp  is  a  sort  of  transition  from  the  instru- 
ments with  constant  to  those  with  variable  sounds. 
Its  strings  correspond  to  the  natural  notes  of  the 
scale ;  by  means  of  the  pedals  the  lengths  of  the 
vibrating  parts  can  be  changed,  so  as  to  produce 
sharps  and  flats.  The  sound  is  strengthened  by 
the  sounding-box,  and  by  the  vibrations  of  all  the 
strings  harmonic  with  those  played. 

In  the  violin  and  guitar  each  string  can  give  a 
peat  number  of  sounds  according  to  the  length  of  the  vibrating  part,  which 
's  determined  by  the  pressure  of  the  fingers  of  the  left  hand  while  the  right 
hand  plays  the  bow,  or  the  strings  themselves.  In  both  these  instruments 
the  vibrations  are  communicated  to  the  upper  face  of  the  sounding  box,  by 
means  of  the  bridge  over  which  the  strings  pass.  These  vibrations  are  com- 
municated from  the  upper  to  the  lower  face  of  the  box,  either  by  the  sides  or 
by  an  intermediate  piece  called  the  sound  post.  The  air  in  the  interior  is 
set  in  vibration  by  both  faces,  and  the  strengthening  of  the  sound  is  produced 
f^yall  these  simultaneous  vibrations.  The  value  of  the  instrument  consists 
m  the  perfection  with  which  all  possible  sounds  are  intensified,  which  depends 
essentially  on  the  quality  of  the  wood,  and  the  relative  arrangement  of  the 
pans. 

The  number  and  strength  of  the  harmonics  produced  in  a  twitched  or 
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stroked  string  varies  with  the  manner  in  which  it  is  sounded  and  with  thi 
nature  of  the  string.  The  sharper  the  edge  of  the  exciting  body  the  shortci 
and  broader  are  the  waves,  and  therefore  the  higher  and  stronger  arc  thi 
harmonics  and  the  shriller  the  clang ;  if  the  strings  are  struck  with  a  meta 
rod  the  harmonics  are  so  predominant  that  the  fundamental  note  is  scarcely 
heard,  and  thus  what  is  called  an  empty  sound  is  produced.  The  tone  \\ 
fullest  when  struck  with  the  finger,  and  somewhat  less  so  with  a  soft  hammer 
as  in  the  piano.  The  deeper  harmonics  are  often  stronger  than  the  funda 
mental  note,  so  that  the  note  is  not  so  strong  but  is  richer ;  all  the  har 
monies,  whose  nodes  are  in  the  place  struck,  are  wanting.  If  a  string  is  strucl 
in  the  middle,  none  of  the  even  harmonics  are  produced,  and  therefore  al 
the  octaves  of  the  fundamental  note  ;  the  tone  is  nasal  and  hollow.  This  i 
the  characteristic  of  a  note  which  is  wanting  in  the  harmonics  nearer  am 
most  allied  to  the  fundamental  note.  If  the  string  is  struck  near  one  end 
the  clang  has  a  jingling  character.  The  piano  is  struck  at  abodt  one-seventl 
of  the  length  of  the  string ;  in  this  way  the  seventh  and  ninth  harmonics,  whid 
are  unharmonic  with  each  other,  are  deadened,  while  the  deeper  harmonics 
octaves,  fifths,  thirds,  preponderate,  and  the  clang  is  rich  and  harmonious 
The  higher  harmonics  fade  away  in  gut-strings  more  rapidly  than  witl 
metal  ;  hence  the  guitar  and  the  harp  are  not  so  jingling  as  the  zither. 

280.  "Wind  instnimeiita. — All  wind  instruments  may  be  referred  to  tht 
different  types  of  sounding  tubes  which  have  been  described.  In  some,  sucl 
as  the  organ,  the  notes  are  Jixed^  and  require  a  separate  pipe  for  each  note 
in  others  the  notes  are  variable^  and  are  produced  by  only  one  tube  :  th< 
flute,  horn,  &c.,  are  of  this  class. 

In  the  organ  the  pipes  are  of  various  kinds  ;  namely,  mouth  pipes,  opci 
and  stopped,  and  reed  pipes  with  apertures  of  various  shapes.  By  means  0 
stops  the  organist  can  produce  any  note  by  both  kinds  of  pipe. 

In  theyf///^,  the  mouthpiece  consists  of  a  simple  lateral  circular  aperture 
the  current  of  air  is  directed  by  means  of  the  lips,  so  that  it  grazes  the  edg 
of  the  aperture.  The  holes  at  different  distances  are  closed  either  by  tht 
lingers  or  by  keys  ;  when  one  of  the  holes  is  opened,  a  loop  is  produced  ii 
the  corresponding  layer  of  air,  which  modifies  the  distribution  of  nodes  an< 
loops  in  the  interior,  and  thus  alters  the  note.  The  whistling  of  a  key  i 
similarly  produced. 

Tht  pandcpan  pipe  consists  of  tubes  of  different  sizes  corresponding  to  th 
different  notes  of  the  gamut. 

In  ihe  trumpet,  the  horn,  the  trombone,  cornet-^-piston,  and  ophicleidi 
the  lips  form  the  reed,  and  vibrate  in  the  mouthpiece.  In  the  horn^  diflferen 
notes  are  produced  by  altering  the  distance  of  the  lips.  In  the  trofnbom 
one  part  of  the  tube  slides  within  the  other,  and  the  performer  can  altc 
at  will  the  length  of  the  tube,  and  thus  produce  higher  or  lower  notes.  I 
the  cornet-^'piston  the  tube  forms  several  convolutions  ;  pistons  placed  s 
different  distances  can,  when  played,  cut  off  communication  with  other  part 
of  the  tube,  and  thus  alter  the  length  of  the  vibrating  column  of  air. 


I-  vibration  ef  rotm. — Rods  and  narrow  plates  of  wood,  of  g 
^  tipccially  of  tempered  steel,  vibrate  in  virtue  of  their  elasticity  ;  like 
"rings  ihcy  have  two  kinds  of  vibrations,  iongitmiinal  nnd  transvtrse.  The 
IJiier  are  produced  by  fixing  the  rods  at  one  end,  and  passing  a  bow 
"VM  [he  free  part.  Longitudinal  vibrations  are  produced  by  fixing  ihe 
11  any  part,  and  rubbing  it  lengthwise  with  a  piece  of  cloth  sprinkled 
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;  the  sound  is  only  produced  when 
the  point  of  the  rod  at  which  it 
has  been  fixed  is  some  aliquot  part 
of  its  length,  as  a  half,  a  third,  or  a 

It  is  shown  by  calculat 
tht  number  of  transverse  •vihratieni 
made  in  a  given  time  by  radt  and 
thin  plates  of  the  saine  kind  is 
directly  as  their  thickness,  and  in- 
vertely  as  the  square  of  their  length. 
The  width  of  the  plate  does  not 
affect  the  numljer  of  vibrations.  A 
wide  plate,  however,  requires  a 
t,Teater  force  to  set  it  in  motion  than 
11  is,  of  course,  under- 
stood that  one  end  of  the  vibrating 
plate  is  held  firmly. 

The  laws  of  the  longitudinal  vi- 
brations of  strings  are  expressed  in 

formula 

",  r,  I,  d,  and  g  have  all  the  same 
meaning  as  in  the  formula  for  the 
vibrations,  while  /» is  the 
modulus  of  elasticity  of  the  string, 
F>E.  •;«.  the    nmnbcr    which    expresses    the 

■"(bl  by  which  it  mii«  be  stretched  in  order  to  elongate  by   i 
taijfih  (88). 

Re  J39  represents  nn  instrument  invented  by  Marloye,  and  known  as 
Mtrlfyit  harp,  based  on  the  longitudinal  vibration  of  rods. 
*  wlid  wooden  pedestal,  in  which  are  fixed  tuenly  ihin  deal  rods, 
Coloured  and  oiliers  while.    They  are  of  such  a  length  that  the  white  rods 
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j(ive  the  diatonic  scale,  while  the  coloured  ones  give  the  semitones  and 
complete  the  chromatic  scale.  The  instrument  is  played  by  nibbing  the 
rods  in  the  direction  of  their  length  between  the  finger  and  thumb,  whicl) 
have  been  previously  covered  with  powdered  resin.  The  notes  produced 
resemble  those  of  a  pandsean  pipe. 

The  tuning-fork^  the  triangle^  and  musical  boxes  are  examples  of  the 
transverse  vibrations  of  rods.  In  musical  boxes  small  plates  of  steel  oi 
different  dimensions  are  fixed  on  a  rod,  like  the  teeth  of  a  comb.  A  cylinder 
whose  axis  is  parallel  to  this  rod,  and  whose  surface  is  studded  with  steel 
teeth,  arranged  in  a  certain  order,  is  placed  near  the  plates.  By  means  ol 
a  clockwork  motion,  the  cylinder  rotates,  and  the  teeth  striking  the  steel 
plate  set  them  in  vibration,  producing  a  tune,  which  depends  on  the  arrange- 
ment of  the  teeth  on  the  cylinder. 

If  a  given  rod  be  clamped  either  in  the  middle,  or  at  both  ends,  the 
wave-length  of  the  note  produced  by  making  it  vibrate  longitudinally,  is 
double  its  own  length  ;  and  if  it  be  clamped  at  one  end  only,  and  made  tc 
vibrate  longitudinally,  the  wave-length  of  the  sound  is  four  times  its  own  length, 
Thus  the  fonner  case  is  analogous  to  an  open  pipe,  and  the  latter  to  a  stopped 
pipe,  in  respect  of  the  sounds  produced. 

Chladni  determined  the  velocity  of  sound  in  solids  by  making  a  rod 
clamped  at  one  end  vibrate  longitudinally,  and  producing  the  same  note 
by  sounding  a  stopped  pipe.  The  lengths  of  the  rod  and  the  pipe  are  thus 
in  the  same  ratio  as  the  velocities  in  sound  and  in  air. 

Stefan  has  determined  the  velocity  of  sound  in  soft  bodies  by  attaching 
them,  in  the  form  of  rods,  to  long  glass  or  wooden  rods.  The  compound  rod 
was  made  to  vibrate  and  the  number  of  vibrations  of  the  note  was  determined 
Knowing  this  and  also  the  velocity  of  sound  in  the  longer  rod,  the  velocity  ir 
the  shorter  rod  was  at  once  obtained.  By  this  method  some  of  the  numben 
in  the  table  in  article  235  were  obtained. 

Scratching  and  scraping  sounds  are  produced  by  moving  a  rod  over  s 
smooth  surface  ;  the  rod  is  thereby  put  in  vibration  which  for  a  shor 
mterval  are  regular,  but  frequently  change  their  period  during  the  motion. 

282.  Vibration  of  plates. — In  order  to  make  a  plate  vibrate,  it  is  fixec 
in  the  centre  (fig.  240),  and  a  bow  rapidly  drawn  across  one  of  the  edges 
or  else  it  is  fixed  at  any  point  of  its  surface,  and  caused  to  vibrate  b] 
rapidly  drawing  a  string  covered  with  resin  against  the  edges  of  a  centra 
hole  (fig.  241). 

Vibrating  plates  contain  nodal  lines  (269),  which  var>'  in  number  an< 
position  according  to  the  form  of  the  plates,  their  elasticity,  the  mode  0 
excitation,  and  the  number  of  vibrations.  These  nodal  lines  may  be  mad« 
visible  by  covering  the  plate  with  fine  sand  before  it  is  made  to  vibrate 
As  soon  as  the  vibrations  commence,  the  sand  leaves  the  vibrating  parts 
and  accumulates  on  the  nodal  lines,  as  seen  in  figs.  240  and  241. 

The  position  of  the  nodal  lines  may  be  determined  by  touching  th« 
points  at  which  it  is  desired  to  produce  them.  Their  number  increases  witi 
the  number  of  vibrations  ;  that  is,  as  the  note  given  by  the  plates  is  higher 
The  nodal  lines  always  possess  great  symmetr>'  of  form,  and  the  same  fom 
is  always  produced  on  the  same  plate  under  the  same  conditions.  Thej 
were  discovered  by  Chladni. 
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The  vibrations  of  plates  are  governed  by  the  following  law  : — Inplalts 
of  iJu  same  kind  and  shape,  and  giving  the  same  system  of  nodal  lines,  the 
nunAer  ef  vibrations  in  a  second  is  directly  as  the  thickness  of  the  plates,  and 
imersely  as  their  area. 

Gongs  and  cymbals  are  examples  of  instruments  in  which  sounds  are 


ptoduMd  by  the  vibration  of  metal  plates,     'i'he  glass  and  ihe  steel  harmo- 
"CM  depend  on  the  vibrations  of  glass  and  of  steel  plates  respectively. 

:S3-  ▼tbrsUona  of  mcmbrsaM. —  In  consequence  of  their  flexibility, 
"■Mbranes  cannot  vibrate  unless  they  are  stretched,  like  the  skinof  a  drum. 
^  sound  they  give  is  more  acute  in  proportion  as  they  are  smaller  and 
more  tightly  stretched.  To  obtain  vibrating  membranes,  Savart  fastened 
fWU-beater's  skin  on  wooden  fratnes. 


in  the  drum,  the  skins  are  stretched  on  the  ends  of  a  cylindrical  box. 
^Htn  one  end  is  struck,  it  communicates  ils  vibrations  io  the  internal 
'^fiiumn  of  air,  and  the  sound  is  thus  considerably  strengthened.  The  cords 
"relched  against  Ihe  lower  skin  strike  against  it  when  it  vibrates,  and  pro. 
"uce  the  sound  characletislic  of  the  drum. 

Membranes  either  vibrate  by  direct  percussion,  as  in  the  drum,  or  the*' 
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may  be  set  in  vibration  by  the  vibrations  of  the  air,  as  Savart  has  observed, 
provided  these^  vibrations  are  sufficiently  intense.  Fig.  242  shows  a  mem- 
brane vibrating  under  the  influence  of  the  vibrations  in  the  air  caused  by 
a  sounding  bell.  Fine  sand  strewn  on  the  membrane  shows  the  formation 
of  nodal  lines  just  as  upon  plates. 

There  are  numerous  instances  in  which  solid  bodies  are  set  in  vibration 
by  the  vibrations  of  the  air.  The  condition  most  favourable  for  the  produc- 
tion of  this  phenomenon  is,  that  the  body  to  be  set  in  vibration  is  under 
such  conditions  that  it  can  readily  produce  vibrations  of  the  same  duration 
as  those  transmitted  to  it  by  the  air.  The  following  are  some  of  these 
phenomena : 

If  two  violoncello  strings  tuned  in  unison  are  stretched  on  the  same 
sound-box,  as  scon  as  one  of  them  is  sounded,  the  other  is  set  in  vibration. 
This  is  also  the  case  if  the  interval  of  the  strings  is  an  octave,  or  a  perfect 
fifth.  A  violin  string  may  also  be  made  to  vibrate  by  sounding  a  tuning- 
fork. 

Two  large  glasses  are  taken  of  the  same  shape,  and  as  nearly  as  possible 
of  the  same  dimensions  and  weight,  and  are  brought  in  unison  by  pouring 
into  them  proper  quantities  of  water.  If  now  one  of  them  is  sounded,  the 
other  begins  to  vibrate,  even  if  it  is  at  some  distance ;  but  if  water  be  added 
to  the  latter,  it  ceases  to  vibrate. 

Hreguet  found  that  if  two  clocks,  whose  time  was  not  very  diflTerent, 
were  fixed  on  the  same  metallic  support,  they  soon  attained  exactly  the  same 
time. 

Membranes  are  eminently  fitted  for  taking  up  the  vibrations  of  the  air, 
on  account  of  their  small  mass,  their  large  surface,  and  the  readiness  with 
which  they  subdivide.  With  a  pretty  strong  whistle,  nodal  lines  may  be 
produced  in  a  membrane  stretched  on  a  frame,  even  at  the  distant  end  of  a 
large  room. 

The  phenomenon  so  easily  produced  in  easily-moved  bodies  is  also  found 
in  larger  and  less  elastic  masses  ;  all  the  pillars  and  walls  of  a  church  vibrate 
more  or  less  while  the  bells  are  being  runcj. 


iit.  UaaaloBB'  metbod  ofmaklncTlbrattonBBpPArsnt. — The  niet1i(Hl 
of  Lissajous  exhibits  the  vibraiory  motion  of  bodies  either  directly  or  by 
projection  on  a  screen.  Il  has  also  the  great  advantage  that  the  vibratory 
moiionsof  two  sounding  Ijodies  maybe  compared  wilhoul  the  aid  of  the  ear, 
w  »s  to  obtain  the  exact  relation  between  tlieiii. 

This  method,  which  depends  on  the  persistence  of  visual  sensations  on 
the  tetiiw,  consists  in  fixing  a  small  mirror  on  the  vibrating  body,  so  as  to 
yibrwe  wUh  it,  and  impart  to  a  luminous  ray  a  vibratory  motion  similar  to 

\  tuning-forks,  and   fixes  to  one  of  the  prongs  a  small 
m  (fig.  243),  and  to  the  other  a  counterpoise,  »,  which  is 


lliOWIL 


WttHary  to  make  ihc  tunmy-fork  vibrate  regularly  for  a  long  time.  At  a 
ftwifinlj'  distance  from  the  mirror  there  is  a  lamp  surrounded  by  a  dark 
cWaey,  in  which  is  a  small  hole,  giving  a  single  luminous  point.  The 
[imioj-furic  being  at  rest,  the  eye  is  placed  so  that  the  luminous  point  is  seen 
~  c  Inning-fork  is  then  made  to  vibrate,  and  the  image  elongates  so 


from  llie  vibrating  mirror  is  reflected  a 
which  5ctids  it  tonitrds  un  acliromaiic 

285.  OomblDBtlonof  two  Tlbratoirmotloiu  li 

Lissajous  resolved  the  problem  of  the  optical  o 

motions — vibrating  at  first  in  the  same  direction,  and  then  a 

each  other. 

Fig.  345  represents  the  experiment  as  arranged  for  combining  two 
parallel  motions.  Two  tuning-forks  provided  with  mirrors  ara  so  arranged 
ihat  the  light  reflected  from  one  of  them  reaches  the  other,  which  is  almost 
parallel  to  it,  and  is  then  sent  towards  a  screen  after  having  passed  through 
a  lens. 

If  now  the  first  tuning-fork  alone  vibrates,  the  image  on  ihe  screen  is 
in  figure  1:45  ;  but  if  they  both  vibrate,  supposing  they  a 
unison,  the  elongation  increases  or  diminishes  according  as  thesimuhanenus  | 
motions  imparted  to  Ihe  image  by  the  vibrations  of  the  mirrors  do  or  do  n 


li  Uthe  luning-forks  pass  their  position  of  equilibrium  in  the  s 
BSid  in  the  same  direction,  the  image  attains  its  maximum  ;  and  the  image 
it,  at  tis  minimma  when  they  pass  at  the  same  time  but  in  opposite  direc- 
|tions.  Between  these  two  extreme  cases,  the  amplitude  of  the  image  v. 
akccordiag  to  the  time-which  elapses  liettveen  the  CKact  instant  at  ivhich  the 
|ttining-forks  pass  through  their  position  of  rest  respectively.     The  ratio  of 


1  doubii 


ailed  a  difin 


r  afphm 


"li'  liitie  to  the 
*t  Tibtition. 

IClhe  tuning-forks  are  exactly  in  unison,  the  luminous  appearance  on  the 
■^Tttnexpcriencesagradual  diminution  of  length  in  proportion  as  the  ampli- 
uiik  of  the  vibration  diminishes  ;  but  if  the  pitch  of  one  is  very  little  altered, 


I 


es  periodically,  and,  while  the  beats  resulting 
e  distinctly  heard,  the  eye  sees  the  c 


■he  irugnitude  of  the  image  var 
fr*n  the  imperfect  harmony  a 
lut  puliations  of  the  image. 

786.  OpUeMl  oooiblnMlaD  of  two  Tlbratorj-  tnotlona  m  rlfbt  anflea 
■•  ■•«>  oitMr. — The  optical  combinaiion   of  two  rectangular  vibratory 
effected  as  nhnwii  m  ihe  figuie  246  ;  that  is,  by  means  of  two 
of  uhich  is  boriiontal  and  the  other  vertical,  and  both  . 


ik: 
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provided  with  mirrors.  If  the  horizontal  fork  first  vibrates  alone,  a  h 
zontal  luminous  outline  is  seen  on  the  screen,  while  the  vibration  of 
other  produces  a  vertical  image.  If  both  tuning-forks  vibrate  simultaneou 
the  two  motions  combine,  and  the  reflected  pencil  describes  a  more  or  \ 
complex  curve,  the  form  of  which  depends  on  the  number  of  vibrations 
the  two  tuning-forks  in  a  g^iven  time.  This  curve  gives  a  valuable  mean; 
comparing  the  number  of  vibrations  of  two  sounding  bodies. 


Fig  247. 

Fig.  247  shows  the  luminous  image  on  the  screen  when  the  tuning-fc 
are  in  unison  ;  that  is,  when  the  number  of  vibrations  is  equal. 

The  fractions  below  each  curve  indicate  the  differences  of  phase  betw 
them.  The  initial  form  of  the  cur\'e  is  determined  by  the  difference  of  ph 
The  curve  retains  exactly  the  same  form  when  the  tuning-forks  are  in  uni! 
provided  that  the  amplitudes  of  the  two  rectangular  vibrations  decreas 
the  same  ratio. 


Fig.  343. 


If  the  tuning-forks  are  not  quite  in  unison,  the  initial  difference  of  pi 
is  not  preserved,  and  the  cur\e  passes  through  all  its  variations. 

Fig.  248  represents  the  different  appearances  of  the  luminous  in: 
when  the  difference  between  the  tuning-forks  is  an  octave;  that  is,  when 


Ii^  XiaaSvotra  Ftaonavtocrapta.— This  apparatus  re^isli 
'he  tibniions  pmdured  by  solid  bodies  but  also  ihosc  produced  by 
t,  by  the  voice  in  singing,  and  even  by  any  noise  whatsoever 


y  wind      ^^| 
er;  finr  ^^^| 
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instance,  that  of  thunder,  or  the  report  of  a  cannon.  It  consists  of  an  ellip- 
soidal barrel,  AB,  about  a  foot  and  a  half  long  and  a  foot  in  its  greatest 
diameter,  made  of  plaster  of  Paris.  The  end  A  is  open,  but  the  end  B  is 
closed  by  a  solid  bottom,  to  the  middle  of  which  is  fixed  a  brass  tube,  « ,  bent 
at  an  elbow  and  terminated  by  a  ring  on  which  is  fixed  a  flexible  membrane 
which  by  means  of  a  second  ring  can  be  stretched  to  the  required  amount. 
Near  the  -centre  of  the  membrane,  fixed  by  sealing-wax,  is  a  hog's  bristle, 
which  acts  as  a  style,  and,  of  course,  shares  the  movements  of  the  membrane. 
In  order  that  the  style  shall  not  be  at  a  node^  the  stretching  ring  is  fitted 
with  a  movable  piece,  /,  or  subdhtider^  and  which,  being  made  to  touch  the 
membrane  first  at  one  point  and  then  at  another,  enables  the  experimenter 
to  alter  the  arrangements  of  the  nodal  lines  at  will.  By  means  of  a  sub- 
divider  the  point  is  made  to  coincide  with  a  loop ;  that  is,  a  point  where  the 
vibrations  of  the  membrane  are  at  a  maximum. 

When  a  sound  is  produced  near  the  apparatus,  the  air  in  the  ellipsoid, 
the  membrane,  and  the  style  will  vibrate  in  unison  with  it,  and  it  only 
remains  to  trace  on  a  sensitive  surface  the  vibrations  of  the  style,  and  to 
fix  them.  For  this  purpose  there  is  placed  in  front  of  the  membrane  a 
brass  cylinder,  C,  turning  round  a  horizontal  axis  by  means  of  a  handle,  m. 


Fig.  251. 


Fig.  252. 


Fig.  253. 

On  the  prolonged  axis  of  the  cylinder  a  screw  is  cut  which  works  in  a  nut ; 
consequently,  when  the  handle  is  turned,  the  cylinder  gradually  advances 
in  the  direction  of  its  axis.  Round  the  cylinder  is  wrapped  a  sheet  of 
paper  covered  with  a  thin  layer  of  lampblack. 

The  apparatus  is  used  by  bringing  the  prepared  paper  into  contact  with 
the  point  of  the  style,  and  then  setting  the  cylinder  in  motion  round  its  axis. 
So  long  as  no  sound  is  heard  the  style  remains  at  rest,  and  merely  removes 
the  lampblack  along  a  line  which  is  a  helix  on  the  cylinder,  but  which  becomes 
straight  when  the  paper  is  unwrapped.  But  when  a  sound  is  heard,  the 
membrane  and  the  style  vibrate  in  unison,  and  the  line  traced  out  is  no 
longer  straight,  but  undulates ;  each  undulation  corresponding  to  a  double 
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vibration  of  the  style.     Consequently  the  Itgures  thus  obtained  faithfully 
denote  the  nuinber,  amplitude,  and  isochronism  of  (he  vibrations. 

Fig.  z;i  shows  the  trace  produced  when  a  simple  note  is  sung,  and 
swengihened  by  means  of  an  upper  oaave.  The  latter  note  is  represented 
by  the  curv'e  of  lesser  amplitude.  Fig.  1^2  represents  the  sound  produced 
jointly  by  two  pipes  whose  notes  differ  by  an  octave.  The  lower  line  of  fig. 
1)3  reprCMOls  the  rolling  sound  of  the  letter  R  when  pronounced  with  a 
ring. 

The  upper  line  of  fig.  253  represenif  the  perfectly  isochronous  vibrations 
uf  B  luning.fork  placed  near  the  ellipsoid.  This  line  was  traced  by  a  fine 
inint  on  one  branch  of  the  fork,  which  uas  thus  found  to  make  exactly  500 
vibrations  per  second.  Hence,  each  undulation  of  the  upper  line  corresponds 
lo  the  5J5  part  of  a  second  ;  and  (hus  these  lines  become  very  exact  means 
'if  measuring  short  intervals  uf  lime,  for  example,  in  fig.  353  each  of  ihe 
itparate  shocks  producing  the  rolling  sound  of  the  letter  R  corresponds  to 
'bout  tS  doable  vibrations  of  the  tuning-fork,  and  consequently  lasts  about 
15  or  about  j^  of  a  second. 

1S8.  SSnlir'B  nwoometrlo  flomea. — Konlg's  method  consists  in  trans- 
niilting  the  motion  of  the  waves  which  form  a  sound  10  gas  fiamea,  which, 
t>ytheirpulsatiuni,  indicate  the  nature  of  the  sounds.     For  this  purpose  a 


"wsl  cnpiulf,  represented  in   seciiiiii  at  A,  tig.  254,  is  divided  into  iwo  com- 
piftmeois  by  a  thin  membrane  of  caoutchouc ;  on  the  right  of  the  figure 
*  gas  jet,  and  below  it  a  tube  conveying  coal  gas  ;  on  the  left  is  a  tubu- 
tirt.  ID  which  maybe  attached  a  caoutchouc  tube.    The  other  end  of  tl 
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may  be  placed  at  ihe  node  of  an  organ-pipe  (374),  or  it  terminates  in 
mthpiece,  in  front  of  which  a  given  note  may  be  sung  ;  this  is  the  arrang 

mcnt  represented  in  fig.  254. 


When  ihc  sound-waves  cmer  the  cnpsulc  by  ihe  mouthpiece  and  t 
tube,  Ilie  membrane  yielding  lo  the  condensation  and  rarefaction  of  t 
naves,  the  coal  gas  in  the  compartment  on  the  rifrht  is  altematelyconlract' 
md  expanded,   and  hence  are  produced  altertiatinns  in  the  length  nf  t 


DelerviinatioH  of  the  Intensity  of  Sounds. 


long  as  ihe  itame  bums  steadily  there  appears  in  the  mirror,  when  turned,  a 
i-antinuous  band  of  light.  But  if  the  capsule  is  connected  with  a  sounding 
lube  yielding  the  fundamental  note,  the  image  of  the  flame  takes  the  form 
represented  in  lig.  255,  and  that  of  the  figure  256  if  the  «aund  yields  the 
<>cuve.  If  the  two  sounds  reach  the  capsule  simultaneously  the  flame  has 
i)ic  appearance  of  tig.  257  ;  in  thai  case,  however,  the  tube  leading  to  the 
ijpsule  must  be  corinected  by  a  T-pipe  with  two  sounding  tubes,  one  giving 
ih*  fundamental  note,  and  the  other  the  octave.  If  one  gives  the  funda- 
Tientil  note  and  the  other  the  third,  the  flame  has  the  appearance  of  figure 

If  the  vowel  E  be  sung  in  front   of  the  mouthpiece  first  upon  c,  and 


tuMHuMk. 


akk 


"tB  Dpon  i^,  Ihe  rotating  mirror  gives  the  fiames  represented  in  ftgs.  2^<^ 
»<li6o. 

189.  auM<MlHMI«n  or  tbe  InteniltT  of  lAnndB. —  Meyer  has  devised 
'  plln  by  which  the  intensities  of  two  sounds  of  the  same  pilch  may  be 
Aittcdy  compared.  The  two  sounds  are  separated  from  each  other  by  a 
"Wdium  impervious  to  sound,  and  in  front  of  each  of  Ihem  is  a  resonance 
i^'At  (155)  accurately  tuned  to  the  sound.  Each  of  these  resonance  globes 
u  tiucbed  by  means  of  caoutchouc  tubes  of  et|ual  length  to  the  two  ends  of 
>  !■'  iiibe,  in  the  middle  of  the  bend  of  which  is  a  third  tube  provided  with  a 
"Hnomeiric  capsule. 

[f  the  resonance  globes  are  each  at  the  same  distance  from  the  sounding 
'ndita,  and  if  the  note  of  only  one  of  ihem  is  produced,  the  flame  vtbrales. 
If  both  sounds  are  produced,  and  they  are  of  the  same  intensity,  and  in  the 

«>nM  phase,  they  inierfere  completely  in  the  tube,  so  that  the  flame  of  the 

■nMmmetric  capsule  is  quite  stationary,  and  appears  in  the  turning 

a  nnlght  luminous  band. 

If,  however,  the  sounds  are  not  of  the  same  intensity,  Ihe  Interference 

will  be  incomplete,  and  the  luminous  band  nill  be  jagged  at  the  edge. 


I 
I 
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distance  of  one  of  the  sounds  from  the  resonance  globes  is  altered  until  th 
flame  is  stationary.  The  intensities  of  the  two  sounds  are  thus  directly  a 
the  squares  of  their  distances  from  the  resonators. 

290.  AooQstlo  attraction  and  repulsion. — It  was  observed  by  Guyot 
and  afterwards  independently  by  Guthrie  and  by  Schellbach,  that  a  sound 
ing  body,  one  in  a  state  of  vibration  therefore,  exercises  an  action  on  ; 
body  in  its  neighbourhood  which  is  sometimes  one  of  attraction  and  some 
times  of  repulsion.  The  vibrations  of  an  elastic  medium  attract  bodie 
which  are  specifically  heavier  than  itself,  and  repel  those  which  are  specific 
ally  lighter.  Thus  a  balloon  of  goldbeater's  skin  filled  with  carbonic  aci< 
is  attracted  towards  the  opening  of  a  resonance  box  on  which  is  a  vibratin] 
tuning-fork  ;  while  a  similar  balloon  filled  with  hydrogen  and  tied  down  b 
a  thread  is  repelled.  This  result  always  follows,  even  when  the  hydrogei 
balloon  is  made  heavier  than  air  by  loading  it  with  wax. 

A  light  piece  of  cardboard  suspended  and  held  near  a  tuning-fork  move 
towards  it  when  the  fork  is  made  to  vibrate.  If  the  tuning-fork  is  suspended 
and  is  then  made  to  vibrate,  it  moves  towards  the  card  if  the  latter  is  iixec 
Two  suspended  tuning-forks  in  a  state  of  vibration  move  towards  each  othei 
The  flame  of  a  candle  placed  near  the  end  of  a  sounding  tuning-fork  wa 
repelled  if  held  near  ic ;  if  held  underneath  it  was  flattened  out  to  a  dis( 
A  gas  flame  near  the  end  of  the  tuning-fork  was  divided  into  two  arms. 

Guthrie  finds  that  when  one  prong  of  a  tuning-fork  is  inclosed  in  a  tul) 
provided  with  a  capillary  tube  dipping  into  a  liquid  and  is  set  in  vibratio 
by  bowing  the  free  prong,  the  air  around  the  inclosed  prong  is  expandec 
and  he  thence  concludes  that  the  approach,  aboVe  described,  of  a  suspende 
body  to  the  sounding-fork,  is  due  to  the  diminution  of  the  pressure  of  th 
air  between  the  fork  and  the  body  below  that  on  the  other  side  of  th 
body. 

Light  resonators  of  glass  or  metal  are  repelled  when  brought  near  th 
sounding-box  of  a  tuning-fork,  vibrating  in  unison  with  the  resonator 
When  a  small  mill  with  four  arms,  each  provided  with  a  small  resonator,  i 
placed  near  the  open  end  of  the  sounding-box,  the  repulsion  is  so  strong  a 
to  produce  a  uniform  rotation. 

These  phenomena  do  not  seem  to  be  due  to  the  aspirating  action  of  cui 
rents  of  air,  nor  are  they  caused  by  any  heating  effect ;  and  it  must  be  coi 
fessed  that  the  phenomena  require  further  elucidation  ;  they  are  of  speci; 
interest  as  furnishing  a  possible  clue  to  the  solution  of  the  problem  of  attrat 
tion  in  general. 

291.  Bdison*s  Phonograph. —  Edison   has   devised   an    apparatus  f< 
reproducing   sound,   which   is   equally    remarkable  for    the    simplicity  < 
its   construction   and   for  the   striking   character  of  the   results  which 
produces. 

Fig.  261  represents  a  mouthpiece  E,  which  is  closed  by  a  thin  elast 
metal  disc.  By  means  of  a  spring  a  small  steel  point,  rounded  at  the  end, 
lixed,  at  the  back  of  the  disc  ;  this  point  gently  presses  against  the  surfa< 
of  tinfoil,  to  which  it  transfers  the  vibrations  of  the  disc  by  the  interventic 
of  small  pieces  of  india-rubber  tubing.  Another  small  piece  of  tubing  hclj 
to  deaden  the  vibrations  of  the  spring  itself.  This  arrangement  is  rcpr 
sented  on  a  larger  scale  ii)  fig.  262. 


Mng  about  j'^  of  a.n  inch  apart.  The  cylinder  works  on 
thmi  of  which  is  the  same  as  that  on  the  cylinder  ; 
handle  M,  the  motion  being  regulated  by  a  large  fly- 
"b«L  There  is  also  an  arrangement  L;'in  by  which 
'Hf  position  of  the  mouthpiece,  and  its  pressure  against 
'^r  linfail,  may  be  adjusted. 

When  the  disc  is  made  to  vibrate,  by  speaking  o 
singing  into  the  mouthpiece,  while,  at  the  same  time,  the 
'r'iideris  turned  with  a  uniform  motion,  a  series  of  dots 
w  indentations  are  produced  upon  ihe  tinfoil,  which, 
kiaga  tiun-elasiic  substance,  teiains  them. 

If  now  the  pan  which  the  mouilipiece  plays  be  re- 
"OTed,  the  indented  tinfoil  can  be  used  to  reproduce  y<e.  I'-n. 

ilte  sound.     This   Js  best  effected  by  having  a  special 
owutbpiece  of  larger  siio,  with  a  dia,)hragm  of  similar  construction. 
IS  so  adjusted  that  the  point  \%  made  to  work  along  the  indentatio: 
ibt  ijroove,  this  sets  the  diaphragm  in  vibrations,  and  these  being  commilni- 
^iUMl  10  the  air  by  the  mouthpiece  reproduce  the  sound.     For  loudness,  a 
thin  elastic  membrane  is  best,  while  for  distinctness  a  stouter  rigid  plaie  is 
Picfciablc. 

In  this  way  sound  has  been  reproduced  so  as  lo  be  audible  to  a  large 
audience ;  the  articulation  is  distinct  though  feeble;  it  reproduces  the 
■(iwliiy  of  the  person's  voice  who  speaks  into  it,  but  with  a  nasal  intonation. 
'litech  may  thus  be  treasured  up  on  a  sheet  of  tinfoil  and  kept  for  an  indc- 
'inite  period  ;  the  sound  may  be  reproduced  more  than  once  by  means  of 
"•  linfail  re^sier,  but  after  the  second  reproduction  the  strength  is  greatly 
liimiiiithed. 

If  the  velocity  of  rotation  is  greater  than  before,  the  pilch  of  the  speech 
"ihered  ;  and  if  it  is  not  unifonn,  then,  in  the  case  of  a  song,  the  reproduc- 

it  incorrect,     in  order  to  produce  a  uniform  velocity,  clockwork  may  be 

which  the  various  con- 
stance,  Is  very  diflicull. 
1,  ihe  individual  letters 
Iters  are  reproduced  in 


Lued. 

There  is  great  difference  in  the  di 
""anil  and  vowels  are  reproduced ;  the 
'f  the  phonograph  be  rotated  in  the  reverse 
■ftain  tbeir  character,  but  the  words  as  well 


^teinme  order. 
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If  the  instrument  be  reset  to  the  starting-point  of  the, phonographic 
record  of  a  song,  and  be  again  sung  into,  it  will  reproduce  both  series  of 
sounds,  as  if  two  persons  were  singing  at  the  same  time  ;  and  by  repeating 
the  same  process,  a  third  or  fourth  part  may  be  added,  or  one  or  more 
instrumental  parts. 

The  impressions  on  the  tinfoil  appear  at  first  sight  as  a  series  of  successive 
points  or  dots,  but  when  examined  under  a  microscope  they  are  seen  to  have 
a  distinct  form  of  their  own.  When  a  cast  is  taken  by  means  of  fusible 
metal,  and  a  longitudinal  section  made,  the  outline  closely  resembles  the 
jagged  edge  of  a  K6nig's  flame.  According  to  Edison's  statement,  as 
many  as  40,000  words  can  be  registered  on  a  space  not  exceeding  10  square 
inches. 

The  phonograph  has  been  used  by  Jenkins  and  King  for  the  analysis  of 
vocal  sounds,  for  which  purpose  it  is  better  suited  than  Konig's  flames. 
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BOOK   VI. 

ON   HEAT. 
CHAPTER    I. 

PRELIMINARY  IDEAS.     THERMOMETERS. 

292.  MmrnXm  Kjpotlhosis  ms  to  its  nature.. — In  ordinary  language  the 
term  heat  is  used  not  only  to  express  a  particular  sensation,  but  also  to  de- 
^ribe  that  particular  state  or  condition  of  matter  which  produces  this  sensa- 
tion. Besides  producing  this  sensation,  heat  acts  variously  upon  bodies  ;  it 
"iclts  ice,  boils  water,  makes  metals  red-hot,  produces  electrical  currents, 
decomposes  compound  bodies,  and  so  forth. 

Two  theories  as  to  the  cause  of  heat  have  been  propounded  :  these  are, 
^^t  theory  of  emission^  and  the  theory  of  undulation. 

On  the  first  theory,  heat  is  caused  by  a  subtle  imponderable  fluid,  which 
'Surrounds  the  molecules  of  bodies,  and  which  can  pass  from  one  body  to 
^uwther.  These  heat  atmospheres^  which  thus  surround  the  molecules,  exert 
^  repelling  influence  on  each  other,  in  consequence  of  which  heat  acts  in 
"Pposiiion  to  the  force  of  cohesion.  The  entrance  of  this  substance  into  our 
*>odies  produces  the  sensation  of  warmth,  its  egress  the  sensation  of  cold. 

On  the  second  hypothesis  the  heat  of  a  body  is  caused  by  an  extremely 
^pid  oscillating  or  vibratory  motion  of  its  molecules  ;  and  the  hottest  bodies 
^re  those  in  which  the  vibrations  have  the  greatest  velocity  and  the  greatest 
•iTipIitude.  At  any  given  time  the  whole  of  the  molecules  of  a  body  possess 
•1  sum  of  vis  viva^  which  is  the  heat  they  contain.  To  increase  their  tempera- 
ture is  to  increase  their  vis  viva  ;  to  lower  their  temperature  is  to  decrease 
iheir  vis  viva.  Hence,  on  this  view,  heat  is  not  a  substance  but  a  condition 
"f  matter^  and  a  condition  which  can  be  transferred  from  one  body  to  another. 
^Vhen  a  heated  body  is  placed  in  contact  with  a  cooler  one  the  former  cedes 
'norc  molecular  motion  than  it  receives ;  but  the  loss  of  the  former  is  the 
«|uivalcnt  of  the  gain  of  the  latter. 

It  is  also  assumed  that  there  is  an  imponderable  ehistic  ether,  which  per- 
vades all  matter  and  infinite  space.  A  hot  body  sets  this  in  rapid  vibration, 
and  the  vibrations  of  this  ether  being  communicated  to  material  objects  set 
them  in  more  rapid  vibration  ;  that  is,  increase  their  temperature.  Here  we 
have  an  analogy  with  sound  ;  a  sounding  body  is  in  a  state  of  vibration,  and 
its  vibrations  are  transmitted  by  atmospheric  air  to  the  auditor)'  apparatus 
in  which  is  produced  the  sensation  of  sound. 

M  3 


2  so  On  Heat.  [«M- 

This  hypothesis  as  to  the  nature  of  heat  is  now  admitted  by  the  most 
distinguished  physicists.  It  affords  a  better  explanation  of  all  the  phenomena 
of  heat  than  any  other  theory,  and  it  reveals  an  intimate  connection  betweei 
heat  and  light.  It  will  be  subsequently  seen  that  by  the  friction  of  bodie 
against  each  other  an  indefinite  quantity  of  heat  is  produced.  Experimen 
has  shown  that  there  is  an  exact  equivalence  between  the  motion  thus  de 
stroyed  and  the  heat  produced.  These  and  many  other  facts  are  utterly  m 
explicable  on  the  assumption  that  heat  is  a  substance,  and  not  a  form  of  motion 

In  what  follows,  however,  the  phenomena  of  heat  will  be  considered,  ft 
far  as  possible,  independently  of  either  hypothesis  ;  but  we  shall  subsequentl; 
return  to  the  reason  for  the  adoption  of  the  latter  hypothesis. 

Assuming  that  the  heat  of  bodies  is  due  to  the  motion  of  their  particles 
we  may  admit  the  following  explanation  as  to  the  nature  of  this  motion  ii 
the  various  forms  of  matter  : — 

In  solids  the  molecules  have  a  kind  of  vibratory  motion  about  certaii 
fixed  positions.  This  motion  is  probably  very  complex  ;  the  constituents  o 
the  molecule  may  oscillate  about  each  other,  besides  the  oscillation  of  th* 
molecule  as  a  whole  ;  and  this  latter  again  may  be  a  to-and-fro  motion,  or  i 
may  be  a  rotatory  motion  about  the  centre.  In  cases  in  which  externa 
forces,  such  as  violent  shocks,  act  upon  the  body,  the  molecules  may  per 
manently  acquire  fresh  positions. 

In  the  liquid  state  the  molecules  have  no  fixed  positions.  They  cai 
rotate  about  their  centres  of  gravity,  and  the  centre  of  gravity  itself  ma; 
move.  But  the  repellent  action  of  the  motion,  compared  with  the  mutua 
attraction  of  the  molecules,  is  not  sufficient  to  separate  the  molecules  fron 
each  other.  A  molecule  no  longer  adheres  to  particular  adjacent  ones  ;  bu 
it  does  not  spontaneously  leave  them  except  to  come  into  the  same  relatibi 
to  fresh  ones  as  to  its  previous  adjacent  ones.  Thus  in  a  liquid  there  is  ; 
vibratory,  rotatory,  and  progressive  motion. 

In  the  gaseous  state  the  molecules  are  entirely  without  the  sphere  of  thci 
mutual  attraction.  They  fly  fon^'ard  in  straight  lines  according  to  the  ordi 
nary  laws  of  motion,  until  they  impinge  against  other  molecules,  or  agains 
a  fixed  envelope  which  they  cannot  penetrate,  and  then  return  in  an  opposit 
direction,  with,  in  the  main,  their  original  velocity.  If  the  molecules  were  ii 
space  where  no  external  force  could  act  upon  them,  they  would  fly  apart 
and  disappear  in  infinity.  But  if  contained  in  any  vessel,  the  molecules  con 
tinually  impinge  in  all  directions  against  the  sides,  and  thus  arises  the  pres 
sure  which  a  gas  exerts  on  its  vessel. 

The  perfection  of  the  gaseous  state  implies  that  the  space  actuall 
occupied  by  the  molecules  of  the  gas  be  infinitely  small  compared  with  th 
emire  volume  of  the  gas  ;  that  the  time  occupied  by  the  impact  of  a  mole 
cule  either  against  another  molecule,  or  against  the  sides  of  the  vessel,  b 
infinitely  small  in  comparison  with  the  interval  between  any  two  impacts 
and  that  the  influence  of  molecular  attraction  be  infinitely  small.  Whei 
these  conditions  are  not  fulfilled  the  gas  partakes  more  or  less  of  the  natur 
of  a  liquid,  and  exhibits  certain  deviations  from  Boyle's  law.  This  is  th 
case  with  all  gases  ;  to  a  very  slight  extent  with  the  less  easily  condensabl 
gases,  but  to  a  far  greater  extent  with  vapours  and  the  more  condensabl 
gases,  especially  near  their  points  of  liquefaction. 
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293.  HyiiAiiileal  tbaory  of  %%m^: — We  have  seen  that  in  the  gaseous 
condition  the  particles  are  assumed  to  fly  about  in  right  lines  in  all  possible 
directions.  A  rough  illustration  of  this  condition  of  matter  is  afforded  by 
imagining  the  case  of  a  number  of  bees  inclosed  in  a  box. 

Let  us  suppose  a  cubical  vessel  to  be  filled  with  air  under  standard  con- 
ditions of  temperature  and  pressure.  Let  the  length  of  the  sides  be  a.  We 
will  for  the  present  suppose  that  each  particle  moves  freely  in  the  space 
without  striking  against  another  particle.  All  possible  motions  may  be  con- 
ceived to  be  resolved  into  motions  in  three  directions  which  are  parallel  to 
the  faces  of  the  cube.  Conceive  any  single  particle,  of  mass  ;// ;  it  will  strike 
against  one  face  with  such  a  velocity  as  not  only  to  annul  its  own  motion, 
but  to  cause  it  to  rebound  in  the  opposite  direction  with  the  same  velocity  ; 
hence  the  measure  of  the  momentum  with  which  it  strikes  against  the  side 
will  be  2mu,  Now  by  their  rapid  succession  and  their  uniform  distribu- 
tion the  total  action  of  these  separate  impacts  is  to  produce  a  pressure 
against  the  sides  of  the  vessel  which  is  the  elastic  force  of  the  gas  ;  and  to 
measure  the  pressure  on  the  side,  we  must  multiply  the  momentum  of  each 
individual  impact  by  the  total  number  of  such  impacts. 

Since  the  length  of  the  side  is  «,  if  there  are  n  molecules  in  the  unit 


na^ 


of  space  there  will  be  ncr^  in  the  volume  of  the  cube,  of  which —  will  be 

3 
nu)ving  in  a  direction  parallel  to  each  one  of  the  sides.    To  get  the  number  of 

impacts  on  one  face,  we  must  remember  that  they  succeed  each  other,  after  the 

interval  of  time  required  for  a  particle  to  fly  to  the  opposite  side  and  back  again. 

Hence,  u  being  the  velocity,  the  number  of  impacts  which  each  particle  makes 

in  the  unit  of  time,  a  second,  will  be  — ,  and  the  number  of  all  such  which 

2a 

strike  against  one  side  will  be  Ina^ —  =  ina^u. 

2a 

Now,  since  each  one  exerts  a  pressure  represented  by  2///w,  we  shall  have 
for  the  total  pressure  /  on  the  surface  a' 

pa^ «  ^a^nmu^y 
wd  therefore  the  pressure  on  the  unit  of  surface  will  be 

Now,  if  N  is  the  number  of  molecules  in  the  volume  v,  N  « nv^  and 
therefore 

/  -  A^  mu^ ;  that  is,  pv  =  ^Nmu^ 

But,  for  any  given  mass  of  gas,  N,  w,  and  u  are  constant  quantities,  and  the 
product /t'  must  therefore  also  be  constant ;  this,  however,  is  only  one  form 
^f  expressing  Boyle's  law  (180). 

294.  Molaenlar  Telooltj. — In  the  formula /  =  i;/;/l2/^  nm  represents  the 
mass  in  the  unit  of  volume  which  we  may  designate  as  the  density  p  of  the 
gas,  referred  to  that  of  water ;  as  the  pressure  p  is  also  capable  of  direct 
measurement,  we  can  calculate  the  third  magnitude  u  in  absolute  measure. 
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The  pressure/  on  a  gas  is  equal  to  the  action  of  gravity  on  a  column  of 
mercury  of  given  height  h  ;  so  that  if  d  is  the  density  of  mercury  *  13*596, 
and  g  the  acceleration  of  gravity,  p  -  bgh  and 

P 

I 

Now,  if  o-  be  the  specific  gravity  of  the  gas  as  compared  with  air,  which  is 


—  lighter  than  water,  0  x  773*3  *•  <r,  or  p 


<r 


773*3  •  ^         .      .       77^.^ 

ya-3  *  13*596  X  076  X  9-8115  <  773'3 

which  gives  u  -  ^-1=  ;  that  is,  that  for  atmospheric  air  the  mean  velocity  of 

the  particles  is  485  metres  in  a  second.  For  other  gases  we  have,  expressed 
in  the  same  units, 

0«46i 

N«492 

H-1844. 

In  a  gas  the  velocities  of  the  particles  are  unequal ;  for,  oyen  supposing  that 
they  were  all  originally  the  same,  it  is  not  difficult  to  see  that  they  would 
soon  alter.  For  imagine  a  particle  to  be  moving  parallel  to  one  side,  and  to 
be  struck  centrically  by  another  moving  at  right  angles  to  the  direction  of 
its  motion,  the  particle  struck  would  proceed  on  its  new  path  with  increased 
velocity,  while  the  striking  particle  would  rebound  in  a  different  direction 
with  a  smaller  velocity. 

Notwithstanding  the  accidental  character  of  the  velocity  of  any  individual 
particle  in  such  a  mass  of  gas  as  we  have  been  considering,  there  will,  at  any 
one  given  time,  be  a  certain  average  distribution  of  velocities.  Now,  from 
considerations  based  on  the  theory  of  probabilities,  it  follows  that  some 
velocities  will  be  more  probable  than  others — that  there  will,  indeed,  be  one 
velocity  which  is  more  probable  than  any  other.  This  is  called  the  most 
probable  velocity.  The  meaft  velocity  of  the  particle,  as  found  above,  is 
not  this,  nor  is  it  the  same  as  the  arithmetical  mean  of  all  the  velocities  ;  it 
may  be  defined  to  be  that  velocity  which,  if  all  the  molecules  possessed  it, 
would  give  rise  to  the  same  mean  energy  of  the  molecular  impacts  against 
the  side  as  that  which  actually  exists.  This  mean  velocity  is  about  j^  greater 
than  the  arithmetical  mean  velocity,  and  is  i\  that  of  the  most  probable 
single  velocity. 

Theoretical  as  well  as  experimental  observations  render  it  possible  to 
determine  with  great  probability  not  only  the  average  length  of  the  path 
which  a  molecule  traverses  before  it  encounters  another,  but  also  the 
number  of  impacts  in  a  given  time.  Thus,  in  air,  measured  under  standard 
conditions,  the  length  of  the  mean  path  of  a  molecule  is  0-000095  mm.,  and 
the  number  of  impacts  in  a  second  4,700  millions.  For  hydrogen  these 
numbers  are  00001855  "^n^-  ^^^  ^^^  length  of  path,  and  9,480  millions  for 
the  number  of  impacts.     Hence  it  is  that,  notwithstanding  these  enormous 
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lelorities,  gases  diffuse  but  siowiy,  as  is  observed  in 
Urong  odours. 

]( follows  from  the  above  equation  that 


e  of  those  with 


versely  ai  (he  square  roots  of  Ike 
This  is  confirmed  by  the  experiments 


that  ii,  that  tht  molecular  velocities 
inaiHa,  or  the  molecular  weights. 
on  difFlision  (igo). 

195.  Senarml  affflMa  «f  &•*(■— The  general  effects  of  heat  upon  bodies 
may  be  classed  under  three  heads.  One  portion  is  expended  in  raising  the 
lunperaiure  of  the  body  ;  that  is,  in  increasing  the  vis  viva  of  its  molecules. 
In  the  second  place,  the  molecules  of  bodies  have  a  certain  attraction  for 
nch  other,  lo  which  is  due  their  relative  position  ;  hence  a  second  por- 
tion of  heat  is  consumed  in  augmenting  the  amplitude  of  the  oscillations, 
by  which  an  increase  of  volume  is  produced,  or  in  completely  altering  the 
'(Utive  positions  of  the  molecules,  by  which  a  change  of  state  is  elTected. 
These  two  effects  are  classed  as  internal  work.  Thirdly,  since  bodies  are 
tumiunded  by  atmospheric  air  which  exerts  a  certain  pressure  on  their  sur- 
fi«:e,lhis  has  10  be  overcome  or  lifted  through  a  certain  distance.  The  heat 
If  work  retjuired  for  this  is  called  the  external  work. 

If  Q  units  of  heat  are  imparted  to  a  body,  and  if  .\  be  the  quantity  of 

hat  which  is  equivalent  to  the  unit  of  work ;  then  if  W  is  the  amount  of 

l«t  which  serves  to  increase  the  temperature,  I  that  required  to  alter  the 

pntlioa  of  the  molecules,  and  if  L  be  that  expended  in  external  work,  then 

Q-A{W+I  +  L). 

l^Gt  BMfnsInn — All  bodies  expand  by  the  action  of  heat.  As  a  general 
nikiguesare  the  most  expansible,  then  liquids,  and  lastly  solids. 


to  to&Ai  which  have  definite  figures,  we  can  either  consider  the  expan- 
*»ii  in  one  dimension,  or  the  linear  expansion  ;  in  two  dimensions,  the 
w^ir/fh'ii/ expansion  ;  or  in  three  dimensions,  the  cubical  expansion  or  the 
cipanuon  of  volume,  although  one  of  these  never  lakes  place  without  the 
°!her.  As  liquids  and  gases  have  no  definite  figures,  the  expansions  of 
vi^lumc  have  in  them  alone  10  be  considered. 

Tn  «how  the  linear  expansion  of  solids,  the  apparatus  represented  in  fig. 
;'ij  may  be  UMd.  A  metal  rod,  A,  is  fixed  at  one  end  by  a  screw  B,  while 
Ibe  other  end  presses  against  the  short  arm  of  an  index,  K,  which  move 
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a  scale.  Below  the  rod  there  is  a  sort  of  cylindrical  lamp  in  which  alcohol 
is  burned.  The  needle  K  is  at  first  at,  the  zero  point,  but  as  the  rod  becomes 
heated  it  expands,  and  moves  the  needle  along  the  scale. 

The  cubical  expansion  of  solids  is  shown  by  a  Gravesande^s  ring.     It  con- 


Fig.  264. 


Fig.  265. 


Fig.  266. 


sists  of  a  brass  ball  a  (fig.  264),  which  at  the  ordinar>'  temperature  passes 
freely  through  a  ring,  ///,  almost  of  the  same  diameter.  But  when  the  ball 
has  been  heated,  it  expands  and  no  longer  passes  through  the  ring. 

In  order  to  show  the  expansion  of  liquids,  a  large  glass  bulb  provided 
with  a  capillary  stem  is  used  (fig.  265).  If  the  bulb  and  a  part  of  the  stem 
contain  some  coloured  liquid,  the  liquid  rapidly  rises  in  the  stem  when  heat 
is  applied,  and  the  expansion  thus  observed  is  far  greater  than  in  the  case 
of  solids. 

The  same  apparatus  may  be  used  for  showing  the  expansion  of  gases. 
Being  filled  with  air,  a  small  thread  of  mercury  is  introduced  into  the  capillary 
tube  to  serve  as  index  (fig.  266).  When  the  globe  is  heated  in  the  slightest 
degree,  even  by  approaching  the  hand,  the  expansion  is  so  great  that  the 
index  is  driven  to  the  end  of  the  tube,  and  is  finally  expelled.  Hence,  even 
for  a  very  small  degree  of  heat,  gases  are  highly  expansible. 

In  these  different  experiments  the  bodies  contract  on  cooling,  and  when 
they  have  attained  their  former  temperature  they  resume  their  original 
volume.  Certain  metals,  however,  especially  zinc,  form  an  exception  to  this 
rule,  and  it  appears  to  be  also  the  case  with  some  kinds  of  glass. 


MEASUREMENT  OF  TEMPERATURE.      THERMOMETRY. 

297.  Temperature. — The  temperature  or  hotness  of  a  body,  indepen- 
dently of  any  hypothesis  as  to  the  nature  of  heat,  may  be  defined  as  being 
the  greater  or  less  extent  to  which  it  tends  to  impart  sensible  heat  to  other 
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t">die5.  The  temperature  of  a  body  must  not  be  confounded  with  the  quan- 
tity of  heat  it  possesses  :  a  body  may  have  a  high  temperature  and  yet 
have  a  very  small  quantity  of  heat,  and  conversely  a  low  temperature  and  yet 
possess  a  large  amount  of  heat.  If  a  cup  of  water  be  taken  from  a  bucketful, 
both  will  indicate  the  same  temperature,  yet  the  quantities  they  possess  will 
be  different.  This  subject  of  the  quantity  of  heat  will  be  afterwards  more 
fully  explained  in  the  chapter  on  Specific  Heat. 

298.  Thannomatem. —  Thermometers  are  instruments  for  measuring 
temperatures.  Owing  to  the  imperfections  of  our  senses  we  ate  unable  to 
measure  temperatures  by  the  sensation  of  heat  or  cold  which  they  produce 
in  us,  and  for  this  purpose  recourse  must  be  had  to  the  physical  actions  of 
heat  on  bodies.  These  actions  are  of  various  kinds,  but  the  expansion  of 
bodies  has  been  selected  as  the  easiest  to  observe.  But  heat  also  produces 
electrical  phenomena  in  bodies ;  and  on  these  the  most  delicate  methods 
of  observing  temperatures  have  been  based,  as  we  shall  see  in  a  subsequent 
chapter. 

Liquids  are  best  suited  for  the  construction  of  thermometers — the  ex- 
pansion of  solids  being  too  small,  and  that  of  gases  too  great.  Mercury  and 
alcohol  are  the  only  liquids  used— the  former  because  it  only  boils  at  ^  very 
high  temperature,  and  the  latter  because  it  does  not  solidify  at  the  greatest 
known  cold. 

The  mercurial  thermbmeter  is  the  most  extensively  used.  It  consists  of 
a  capillary  glass  tube,  at  the  end  of  which  is  blown  the  bulb^  a  cylindrical 
or  spherical  reservoir.  Both  the  bulb  and  a  part  of  the  stem  are  ^lled  with 
niercury,  and  the  expansion  is  measured  by  a  scale  graduated  either  on  the 
ttem  itself,  or  on  a  frame  to  which  it  is  attached. 

Besides  the  manufacture  of  the  bulb,  the  construction  of  the  thermometer 
comprises  three  operations  :  the  calibrcUion  of  the  tube,  or  its  division  into 
parts  of  equal  capacity,  the  introduction  of  the  mercury  into  the  reservoir, 
and  the  graduation. 

299.  iHTlsioB  Of  the  tuba  into  parts  of  eqnal  capacity- — As  the  in- 
dications of  the  thermometer  are  only  correct  when  the  divisions  of  the  scale 
wrrespond  to  equal  expansions  of  the  mercury  in  the  reservoir,  the  scale 
inust  be  graduated,  so  as  to  indicate  parts  of  equal  capacity  in  the  tube.  If 
the  tube  were  quite  cylindrical,  and  of  the  same  diameter  throughout,  it 
would  only  be  necessary  to  divide  it  into  equal  lengths.  But  as  the  diameter 
of  glass  tubes  is  usually  greater  at  one  end  than  another,  parts  of  equal 
capacity  in  the  tube  are  represented  by  unequal  lengths  of  the  scale. 

In  order,  therefore,  to  select  a  tube  of  uniform  calibre,  a  thread  of  mercury 
^hout  an  inch  long  is  introduced  into  the  capillary  tube,  and  moved  in 
different  positions  in  the  tube,  care  being  taken  to  keep  it  at  the  same  tem- 
perature. If  the  thread  is  of  the  same  length  in  every  part  of  the  tube,  it 
shows  that  the  capacity  is  everywhere  the  same ;  but  if  the  thread  occu- 
pies different  lengths  the  tube  is  rejected,  and  another  one  sought. 

joa  nuiar  tlia  ttiarmomctar. — In  order  to  fill  the  thermometer  with 
mercury,  a  small  funnel,  C  (fig.  267),  is  blown  on  at  the  top,  and  is  filled 
**ith  mercury  ;  the  tube  is  then  slightly  inclined,  and  the  air  in  the  bulb 
expanded  by  heating  it  with  a  spirit  lamp.  The  expanded  air  partially 
escapes  by  the  funnel,  and,  on  cooling,  the  air  which  remains  contracts,  and 
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a  portion  of  the  mercury  passes  into  the  bulb  D.    The  bulb  is  then  again 
wanned,  and  allowed  to  cool,  a  fresh  quantity  of  mercury  enters,  and  so  on, 

until  the  bulb  and  part  of  the  tube  are  full  of 
mercury.  The  mercury  is  then  heated  to  boiling; 
the  mercurial  vapours  in  escaping  carry  with  them 
the  air  and  moisture  which  remain  in  the  tube. 
The  tube,  being  full  of  the  expanded  mercury  and 
of  mercurial  vapour,  is  hermetically  sealed  at  one 
end.  When  the  thermometer  is  cold,  the  mercury 
ought  to  fill  the  bulb  and  a  portion  of  the  stem. 

301.  Oradnatlon  of  tba  tliernioiiief«r« — The 
thermometer  being  filled,  it  requires  to  be  gradu- 
ated ;  that  is,  to  be  provided  with  a  scale  to  which 
variations  of  temperature  can  be  referred.  And, 
first  of  all,  two  points  must  be  fixed  which  repre- 
sent identical  temperatures  and  which  can  always 
be  easily  reproduced. 

Experiment  has  shown  that  ice  always  melts  at 
the  same  temperature,  whatever  be  the  degree  of 
heat,  and  that  distilled  water  under  the  same  pres- 
sure and  in  a  vessel  of  the  same  kind  always  boils 
at  the  same  temperature.  Consequently,  for  the 
first  fixed  point,  or  zero,  the  temperature  of  melting 
ice  has  been  taken  :  and  for  a  second  fixed  point, 
the  temperature  of  boiling  water  in  a  metal  vessel 
under  the  normal  atmospheric  pressure  of  760 
millimetres. 

This  interval  of  temperature — that  is,  the  range 
from  zero  to  the  boiling  point — is  taken  as  the  unit  for  comparing  tempera- 
tures ;  just  as  a  certain  length,  a  foot  or  a  metre  for  instance,  is  used  as  a 
basis  for  comparing  lengths. 

302.  Oetermination  of  the  fixed  points. — To  obtain  zero,  snow  or 
pounded  ice  is  placed  in  a  vessel  in  the  bottom  of  which  is  an  aperture 
by  which  water  escapes  (tig.  268).  The  bulb  and  a  part  of  the  stem  of  the 
thermometer  are  immersed  in  this  for  about  a  quarter  of  an  hour,  and  a 
mark  made  at  the  level  of  the  mercury,  which  represents  zero. 

The  second  fixed  point  is  determined  by  means  of  the  apparatus  repre- 
sented in  the  figures  269  and  270,  of  which  270  represents  a  vertical  section. 
In  both,  the  same  letters  designate  the  same  parts.  The  whole  of  the 
apparatus  is  of  metal.  A  central  tube,  A,  open  at  both  ends,  is  fixed  on  a 
cylindrical  vessel  containing  water  ;  a  second  tube,  B,  concentric  with  the 
first,  and  surrounding  it,  is  fixed  on  the  same  vessel,  M.  In  this  second 
cylinder,  which  is  closed  at  both  ends,  there  are  three  tubulures,  a,  E,  D. 
A  cork,  in  which  is  the  thermometer  /,  fits  in  a.  To  E,  a  glass  tube,  con- 
taining mercury,  is  attached,  which  serves  as  a  manometer  for  measuring 
the  pressure  of  the  vapour  in  the  apparatus.  D  is  an  escape  tube  for  the 
vapour  and  condensed  water. 

The  apparatus  is  placed  on  a  furnace  and  heated  till  the  water  boils ; 
the  vapour  produced  in  M  rises  in  the  tube  A,  and,  passing  through  the  two 


Fig.  267. 
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lubes  in  the  direction  of  the  arrows,  escapes  by  the  lubulure  D.     The 

thermometer  t  being  tlius  surrounded  with  vapour,  the  mercury  expands,  and, 

wbm  it  has  become  stationary,  the  point  at  which 

ll  su^s  is  inarkcd.     This  is  the  point  sought  for. 

The  object  of  the  second  case,  B,  is  to  avoid  the 

ODoling  of  the  central  lubulure  by  its  contaa  with 

the  air. 

The  determination  of  the  point  loo  [see  next 
anicle)  would  seem  to  require  that  the  height  of 
tbe  barometer  during  the  experiment  should  be 
/6o  roillimetres,  for  when  the  barometric  height  is 
greater  or  less  than  this  quantity,  water  boils  either 
above  or  below  loo  degrees.  But  the  point  loo 
may  always  be  exactly  obtained,  by  making  a 
Miilable  correction.  For  every  27  millimetres 
difierence  in  height  of  the  barometer  there  is  a 
iliflerence  in  the  boiling  point  of  1  degree.  If, 
fat  example,  the  height  of  the  barometer  Is  ']l'&-~  j 
tbai  is,  18  millimetres,  or  two-thirds  of  27,  above 
7'w— water  would  boil  at  100  degrees  and  two- 
thirdi.      Consequently   looj    would    have    to  be  Fig.  ifis 

nurked  at  the  point  at  which  the  mercury  stops. 

Gay-Lussac  observed  that  water  boils  at  a  somewhat  higher  temperature 
m  a  glass  than  in  a  metal  vessel  ;  and  as  the  boiling  point  is  raised  by  any 


a   mnal  vcM«rl  and   disiiiled 
tbowcd,  however,  that  these  N 


II I  i~  iissumed  ihat  it  was  necessary  to  use 
icr  in  tixing  the  boiling  point.  Kudberg 
r  precautions  are  superfluous.     The  nature 
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of  the  vessel  and  salts  dissolved  in  ordinary  water  influence  the  tempera- 
ture of  boiling  water,  but  not  that  of  the  vapour  which  is  formed.  That  is 
to  say,  that  if  the  temperature  of  boiling  water  from  any  of  the  above 
causes  is  higher  than  100  degrees,  the  temperature  of  the  vapour  does  not 
exceed  100,  provided  the  pressure  is  not  more  than  760  millimetres.  Con- 
sequently, the  higher  point  may  be  determined  in  a  vessel  of  any 
material  provided  the  thermometer  is  quite  surrounded  by  vapour, 


t 


pi       and  does  not  dip  in  the  water. 

f  Even  with  distilled  water,  the  bulb  of  the  thermometer  must 

not  dip  in  the  liquid,  for  it  is  only  the  upper  layer  that  really  has 
the  temperature  of  100  degrees,  since  the  temperature  increases 
from  layer  to  layer  towards  the  bottom  in  consequence  of  the  in- 
creased pressure. 

303.  Constmotlon  of  tbe  soala. — Just  as  the  foot-rule  which 
is  adopted  as  the  unit  of  comparison  for  length  is  divided  into  a 
number  of  equal  divisions  called  inches  for  the  purpose  of  having 
a  smaller  unit  of  comparison,  so  likewise  the  unit  of  comparison 
of  temperatures,  the  range  from  zero  to  the  boiling  point,  must  be 
divided  into  a  number  of  parts  of  equal  capacity  called  degrees 
On  the  Continent,  and  more  especially  in  France,  this  space  is 
divided  into  100  parts,  and  this  division  is  called  the  Centigrade  or 
Celsius  scale  ;  the  latter  being  the  name  of  the  inventor.  The 
Centigrade  thermometer  is  almost  exclusively  adopted  in  foreign 
scientific  works,  and,  as  its  use  is  gradually  extending  in  this 
country,  it  has  been  and  will  be  adopted  in  this  book. 

The  degrees  are  designated  by  a  small  cipher  placed  a  little 
above  on  the  right  of  the  number  which  marks  the  temperature, 
and  to  indicate  temperatures  below  zero  the  minus  sign  is  placed 
before  them.     Thus,  —  1 5'"  signifies  1 5  degrees  below  zero. 

In  accurate  thermometers  the  scale  is  marked  on  the  stem  itself 
(fig.  271).  It  cannot  be  displaced,  and  its  length  remains  fixed, 
as  glass  has  very  little  expansibility.  The  graduation  is  effected 
by  covering  the  stem  with  a  thin  layer  of  wax,  suid  then  marking 
the  divisions  of  the  scale,  as  well  as  the  corresponding  numbers, 
with  a  steel  point.  The  thermometer  is  then  exposed  for  about  ten 
minutes  to  the  vapours  of  hydrofluoric  acid,  which  attacks  the  glass 
I'jg-  271.  ^vhere  the  wax  has  been  removed.  The  rest  of  the  Vax  is  then 
removed,  and  the  stem  is  found  to  be  permanently  etched. 

Besides  the  Centigrade  scale  two  others  are  frequently  us.ed — Fahren- 
heit 'j  scale  and  Rdaumur^s  scale. 

In  Reaumur's  scale  the  fixed  points  are  the  same  as  on  the  Centigrade 
scale,  but  the  distance  between  them  is  divided  into  80  degrees,  instead  of 
into  100.  That  is  to  say,  80  degrees  Reaumur  are  equal  to  100  degrees 
Centigrade  ;  one  degree  Reaumur  is  equal  to  ^~  or  \  of  a  degree  Centigrade, 
and  one  degree  Centigrade  equals  [^-^  or  \  degrees  Rdaumur;  Consequently 
to  convert  any  number  of  Reaumur's  degrees  into  Centigrade  degrees  (20 
for  example),  it  is  merely  necessary  to  multiply  them  by  \  (which  gives  25). 
Similarly,  Centigrade  degrees  are  converted  into  Reaumur  by  multiplying 
them  by  J. 
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The  thermometric  scale  invented  by  Fahrenheit  in  17 14  is  still  much 
used  in  England,  and  also  in  Holland  and  North  America.  The  higher 
iixed  point  is,  like  that  of  the  other  scales,  the  temperature  of  boiling  water  ; 
but  the  null  point  or  zero  is  the  temperature  obtained  by  mixing  equal 
weights  of  sal-ammoniac  and  snow,  and  the  interval  between  the  two  points 
is  divided  into  212  degrees.  The  zero  was  selected  because  the  tempera- 
ture was  the  lowest  then  known,  and  was  thought  to  represent  absolute 
cold.  When  Fahrenheit's  thermometer  is  placed  in  melting  ice  it  stands 
at  32  degrees,  and  therefore  100  degrees  on  the  Centigrade  scale  are  equal 
to  180  degrees  on  the  Fahrenheit  scale,  and  thus  i  degree  Centigrade  is 
equal  to  t  of  a  degree  Fahrenheit,  and  inversely  i  degree  Fahrenheit  is  equal 
to  ^  of  a  degree  Centigrade. 

If  it  be  required  to  convert  a  certain  number  of  Fahrenheit  degrees  (95, 
for  example)  into  Centigrade  degrees,  the  number  32  must  first  be  subtracted, 
in  order  that  the  degrees  may  count  from  the  same  part  of  the  scale.  The  re- 
mainder in  the  example  is  thus  63,  and,  as  i  degree  Fahrenheit  is  equal  to  \  of 
a  degree  Centigrade,  63  degrees  are  equal  to  63  x  |  or  35  degrees  Centigrade. 

If  F  be  the  given  temperature  in  Fahrenheit  degrees  and  C  the  corre- 
sponding temperature  in  Centigrade  degrees,  the  former  may  be  converted 
into  the  latter  by  means  of  the  formula 

(F-32)a  =  C, 

and  conversely.  Centigrade  degrees  may  be  converted  into  Fahrenheit  by 
means  of  the  formula 

fC  +  32  -  F. 

These  formulae  are  applicable  to  all  temperatures  of  the  two  scales  pro- 
vided the  signs  are  taken  into  account.  Thus,  to  convert  the  temperature 
of  5  degrees  Fahrenheit  into  Centigrade  degrees,  we  have 

(5  -  32)1  -  -"-^— ^  -  -  15  C, 

In  like  manner  we  have,  for  converting  Reaumur  into  Fahrenheit  degrees 
the  formula 

:r  +  32  -  f, 

and  conversely,  for  changing  Fahrenheit  into  Reaumur  degrees,  the  formula 

(F  -  32)1  -  R. 

304.  BivplaeeiBeiit  of  aero. —  Thermometers,  even  when  constructed 
with  the  greatest  care,  are  subject  to  a  source  of  error  which  must  be  taken 
into  account ;  that  is,  that  in  course  of  time  the  zero  tends  to  rise,  the  dis- 
placement sometimes  extending  to  as  much  as  two  degrees  ;  so  that  when 
the  thermometer  is  inmiersed  in  melting  ice  it  no  longer  sinks  to  zero. 

This  is  generally  attributed  to  a  diminution  of  the  volume  of  the  bulb  and 
also  of  the  stem,  occasioned  by  the  pressure  of  the  atmosphere.  It  is  usual 
with  very  accurate  thermometers  to  fill  them  two  or  three  years  before  they 
are  graduated.  I  once  observed  that  even  after  twenty-five  years  a  delicate 
thermometer  indicated  a  displacement  of  zero. 

Besides  this  slow  displacement,  there  are  often  variations  in  the  position 


j^o  Oil  I  hat.  [304- 

of  the  zero,  when  the  thermometer  has  been  exposed  to  high  temperatures, 
caused  by  the  fact  that  the  bulb  and  stem  do  not  contract  on  cooling  to  their 
original  volume  (294),  and  hence  it  is  necessary  to  verify  the  position  of  zero 
when  a  thermometer  is  usee  for  delicate  determinations. 

Kegnault  noticed  that  some  mercurial  thermometers,  which  agree  at 
0°  and  at  100°,  differ  between  these  points,  and  that  these  differences  fre- 
quently amount  to  several  degrees.  Regnault  ascribed  this  to  the  unequal 
expansion  of  different  kinds  of  glass. 

305.  Xlmits  to  tbe  employment  of  merenrial  tbeimometars. — Of  all 
thermometers  in  which  liquids  are  used,  the  one  with  mercury  is  the  most 
useful,  because  this  liquid  expands  most  regularly,  and  is  easily  obtained 
pure,  and  because  its  expansion  between  —  36°  and  100®  is  regular ;  that  is, 
proportional  to  the  degree  of  heat.  It  also  has  the  advantage  of  having  a 
very  low  specific  heat.  But  for  temperatures  below  -  36®  C.  the  alcohol 
thermometer  must  be  used,  since  mercury  solidifies  at  —40^  C.  Above  100 
degrees  the  coefficient  of  expansion  increases  and  the  indications  of  the 
mercurial  thermometer  are  only  approximate,  the  error  rising  sometimes  to 
several  degrees.  Mercury  thermometers  also  cannot  be  used  for  tempera- 
tures above  350*^,  for  this  is  the  boiling  point  of  mercury. 

306.  Aloobol  tbarmometar. — The  cUcohol  thertnometer  differs  from  the 
mercur>'  thermometer  in  being  filled  with  coloured  alcohol.  But  as  the 
expansion  of  liquids  is  less  regular  in  proportion  as  they  are  near  the  boiling 
point,  alcohol,  which  boils  at  78^  C,  expands  very  irregularly.  Hence, 
alcohol  thermometers  are  usually  graduated  by  placing  them  in  baths  at 
different  temperatures  together  with  a  standard  mercurial  thermometer,  and 
marking  on  the  alcohol  thermometer  the  temperature  indicated  by  the 
mercury  thermometer.  In  this  manner  the  alcohol  thermometer  is  com- 
parable with  the  mercury  one ;  that  is  to  say,  it  indicates  the  same  tem- 
peratures under  the  same  conditions.  The  alcohol  thermometer  is  especially 
used  for  low  temperatures,  for  it  does  not  solidify  at  the  greatest  known  cold. 

307.  Condlttons  of  tbe  delioaoy  of  a  tbermometer. — A  thermometer 
may  be  delicate  in  two  ways  : — i.  When  it  indicates  very  small  changes  of 
temperature.  2.  When  it  quickly  assumes  the  temperature  of  the  surround- 
ing medium. 

The  first  object  is  attained  by  having  a  very  narrow  capillary  tube  and 
a  very  large  bulb  ;  the  expansion  of  the  mercury  on  the  stem  is  then  limited 
to  a  small  number  of  degrees,  from  10  to  20  or  20  to  30  for  instance,  so  that 
each  degree  occupies  a  great  length  on  the  stem,  and  can  be  subdivided  into 
very  small  fractions.  The  second  kind  of  delicacy  is  obtained  by  making 
the  bulb  very  small,  for  then  it  rapidly  assumes  the  temperature  of  the  liquid 
in  which  it  is  placed. 

A  good  mercury  thermometer  should  answer  to  the  following  tests : — 
When  its  bulb  and  stem,  to  the  top  of  the  column  of  mercury,  are  immersed 
in  melting  ice,  the  top  of  the  mercury  should  exactly  indicate  o*'  C. ;  and 
when  suspended  with  its  bulb  and  scale  immersed  in  the  steam  of  water 
boiling  in  a  metal  vessel  (as  in  fig.  269),  the  barometer  standing  at  760  mm., 
the  mercur>'  should  be  stationary  at  100°  C.  When  the  instrument  is  in- 
verted, the  mercury  should  fill  the  tube,  and  fall  with  a  metallic  click,  thus 
showing  the  complete  exclusion  of  air.     The  value  of  the  degrees  should  be 
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unifotm  ;  to  ascertain  this,  a  little  cylinder  of  mercury  may  be  detached  Irom 
ibe  column  by  a  slight  jerk,  and  on  inclining  the  tube  it  may  be  made  to  pass 
fmm  one  portion  of  the  bore  to  another.  If  the  scale  be  properly  graduated, 
ihetolumn  will  occupy  an  equal  number  of  decrees  in  all  parts  of  the  lube. 
308.  mvsreiitlBl  thermonieteT. — Sir  John   Leslie  constructed  a  ther- 


tnomeicr  for  showing  the  difference  of  temperature  of  two  neighbouring 
pUrti,  from  which  it  has  received  the  name  of  the  differential  Ikermometer. 

A  modiUcd  form  of  it  is  that  deinsed  by  Matthiessen  (hg.  273),  which  has 
the  advantage  of  being  available  for  indicating  the  temperature  of  liquids, 
li  consists  of  a  bent  glass  tube,  each  end  of  which  is  bent  twice,  and  tcr- 
minaics  in  a  bulb ;  the  bulbs  being  pendent  can  be  readily  immersed  in  a 
liquid  The  bend  contains  some  coloured  liquid,  and  in  a  tube  which  con- 
Mctdhe  two  limbs  is  a  stopcock,  by  which  the  liquid  in  each  limb  is  easily 
broujght  to  the  same  level.     The  whole  is  supported  by  a  frame. 

When  one  of  the  bulbs  is  at  a  higher  temperature  than  the  other,  the 
liquid  m  the  stem  is  depressed,  and  rises  in  the  other  stem.  The  instrument 
u  now  only  u*cd  as  a  thrrmostope  ;  that  is,  to  indicate  a  difference  of  tem- 
perature between  the  two  bulbs,  and  not  to  measure  its  amount. 

J09.  SraKnvt'*  (>>«t>Ulo  thAnDometer. —  Bieguet  invented  a  ther- 
mometer of  considerable  delicacy,  which  depends  on  the  unequal  expansion 
of  meiaU.     It  consists  of  three  strips  of  platinum,  gold,  and  silver,  which  are 

iMd  through  a  rolling  mill  so  as  to  form  a  very  thin  metallic  ribbon.    This 

lun  colled  in  a  spiral  form,  as  seen  in  fig.  273,  and  one  end  being  tixed  to 
a  stqipon,  a  hghl  needle  is  hxed  to  the  other,  which  is  free  to  move  round  a 
f^adiuted  scale. 

Silver,  which  is  the  most  expansible  of  the  metals,  forms  the  internal  face 
of  the  •piral,  and  platinum  the  external  When  the  temperature  rises,  the 
silver  expands  more  than  the  gold  or  platinum,  the  spiral  unwinds  itself,  and 
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the  needle  moves  from  left  to  right  of  the  above  figure.  The  contrary  effect 
is  produced  when  the  temperature  sinks.  The  gold  is  placed  between  the 
other  two  metals  because  its  expansibility  is  intermediate  between  that  of  the 
silver  and  the  platinum.  Were  these  two  metals  employed  alone,  their  rapid 
unequal  expansion  might  cause  a  fracture.  Breguet's  thermometer  is  em> 
pirically  graduated  in  Centigrade  degrees,  by  comparing  its  indications  with 
those  of  a  standard  mercury  thermometer. 

On  this  principle  depend  several  forms  of  pocket  thermometers,  and  it  is 
also  applied  in  some  registering  thermometers. 

310.  Sutberford**  maxlmnin  and  miaimiiin  tlienttoiBeters. — It  is 
necessary,  in  meteorological  observations,  to  know  the  highest  temperature 
of  the  day  and  the  lowest  temperature  of  the  night.  Ordinary  thermometers 
could  only  give  these  indications  by  a  continuous  observation^  which  would  be 
impracticable.  Several  instruments  have  accordingly  been  invented  for  this 
purpose,  the  simplest  of  which  is  Rutherford's.  On  a  rectangular  piece  of 
plate-glass  (fig.  274)  two  thermometers  are  fixed,  whose  stems  are  bent 
horizontally.  The  one.  A,  is  a  mercur>',  and  the  other,  B,  an  alcohol 
thermometer.  In  A  there  is  a  minute  piece  of  iron  wire,  A,  moving  freely  in 
the  tube,  which  serves  as  an  index.  The  thermometer  being  placed  hori- 
zontally, when  the  temperature  rises  the  mercury  pushes  the  index  before  it. 
}5ut  as  soon  as  the  mercur>'  contracts,  the  index  remains  in  that  part  of  the 
lube  to  which  it  has  been  moved,  for  there  is  no  adhesion  between  the  iron 
and  the  mercury.  In  this  way  the  index  registers  the  highest  temperature 
which  has  been  attained  ;  in  the  figure  this  is  32°.  In  the  minimum  ther- 
mometer there  is  a  small  hollow  glass  tube  which  serves  as  index.     WTien  it 

is  at  the  end  of 
the  column  of 
liquid,  and  the 
temperature 
falls,  the  column 
contracts,  and 
carries  the  index 
with  it,  in  con- 
sequence of  ad- 
hesion, until  it 
has  reached  the 
^'>«-  274.  greatest  contrac- 

tion. When  the  temperature  rises  the  alcohol  expands,  and,  passing  between 
the  sides  of  the  tube  and  the  index,  does  not  displace  B.  The  position  of 
the  index  gives  therefore  the  lowest  temperature  which  has  been  reached  ; 
in  the  figure  this  is  9  degrees  below  zero. 

311.  Vyrometam. — The  Xi?szi^  Pyrometers  is  given  to  instruments  for 
measuring  temperatures  so  high  that  mercurial  thermometers  could  not  be 
used.  The  older  contrivances  for  this  purpose — Wedgwood's,  Daniell's 
(which  in  principle  resembled  the  apparatus  in  fig.  263),  Brongniart's,  &c. — 
have  gone  entirely  out  of  use.  None  of  them  give  an  exact  measure  of  tem- 
perature. The  arrangements  now  used  for  the  purpose  are  either  based  on 
the  expansion  of  gases  and  vapours,  or  on  the  electrical  properties  of  bodies, 
and  will  be  subsequently  described. 
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312.  BUrereat  renuurkalile  temperatures. — The  following  table  gives 
Mine  of  the  most  remarkable  points  of  temperature.  It  may  be  observed  that 
it  is  easier  to  produce  very  high  temperatures  than  very  low  degrees  of  cold. 

Greatest  artificial  cold  produced  by  a  bath  of  bisulphide  of 

carbon  and  liquid  nitrous  acid —  140^  C 

Greatest  cold  produced  by  ether  and  liquid  carbonic  acid     —  1 10 
Greatest  natural  cold  recorded  in  Arctic  expeditions  .        .  —   587 

Mercury  freezes -  39*4 

Mixture  of  snow  and  salt -  20 

Ice  melts o 

Greatest  density  of  water -4-4 

Mean  temperature  of  London  9*9 

Blood  heat 36*6 

Water  boils 100 

Mercury  boils 350 

Sulphur  boils 440 

Red  heat  (just  visible)        (Daniell) 526 

Silver  melts        .        .        .      „  1000 

Zinc  boils  .        .        .      „ 1040- 

Cast  iron  melts  .        .      „ 1 530 

Highest  heat  of  wind  furnace  „ 1 800 

Platinum  melts 2000 

Iridium        „ 2700 


CHAPTER    ir. 


KXPANSION  OF  SOLIDS. 


jtlj-  Uaear   expAnalon    and   cubical    ezpanalon.      CneBOtenta    ' 
eipaailon.  — ll  lins  been  already  explained  that  in   solid    bodies   the   e 
jjaiisioii   may  be  according   lo   three   dimensions  — linear,   superliciai,   and 
cubical. 

The  coeffitUnl  of  linear  expansion  is  the  elongation  of  the  unit  of  length 
of  a  body  when  its  temperature  rises  from  jero  to  i  degree  ;  the  coeffident  of 
superfidal  expansion  is  the  increase  of  the  surface  in  being  heated  from  m 
to  I  decree,  and  the  coefficient  of  cubical  expansion  is  the  increase  of  the  ui 
of  volume  under  the  same  circumstances. 

These  coefficients  vary  with  ditTerent  bodies,  but  for  the  same  body  Ikt 
coefficient  of  cubical  expansion  is  three  times  that  of  Ike  linear  exfans 
is  seen  from  the  following  considerations  : — Suppose  a  cube,  the  length  of 
whose  side  is  I  at  xero.  Let  k  be  the  elongation  of  this  side  in  passing  from 
xero  to  [  degree,  its  length  at  i  degree  will  be  t  4-ii.  and  the  volume  of  the 
cube,  which  was  I  at  zero,  will  be  { i  +  k)\  or  i  +  3i  t-  3*'  +  *\  I 
elongation  k  is  always  a  very  small  fraction  (see  table.  Art.  314),  its  square  t', 
and  still  more  its  cube  k',  are  so  small  that  they  may  be  neglected,  and  the 
value  at  1  degree  becomes  very  nearly  1  +  3.6.  Consequently,  the  increase  of 
volume  is  ■^k,  or  thrice  the  coefficient  of  linear  expansion. 

in  the  same  manner  it  may  be  shown  that  the  coefficient  of  superiicuil 
expansion  is  double  the  coefficient  of  linear  expansion. 

314.  KaKBnreroent  of  tbe  cocSolont  of  Unear  expiuisloii. 

and    XiaplMM'a 
■netliad.  —  The 
apparatus    used 
by         Lavoisier 
and  Laplace  for 
determining  the 
coefficients      of 
linear  expansion 
(fig.    27S)    con- 
trough,     placed 
on  a  furnace  be. 
■orl'.  on  the  right  hand  there 
scope  ;  on  the  middle  of  this 
rod,  turning  with  it,  as  does 
ire  joined  by  a  crosspicce  of 


ween  four  stone  supports.  On  the  two  sup 
s  a  horizontal  axis,  at  the  end  of  which  is  3  ce 
ixis,  and  at  right  angles  to  it,  is  lived  a  glas: 
ilso  the  telescope.     The  other  two  supports 
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iron,  to  which  another  glass  rod  is  fixed,  also  at  right  angles.  The  trough, 
which  contains  oil  or  water,  is  heated  by  a  furnace  not  represented  in  the 
fi^re,  and  the  bar  whose  expansion  is  to  be  determined  is  placed  in  it. 

Fig.  276  represents  a  section  of  the  apparatus ;  G  is  the  telescope,  KH 
the  bar,  whose  ends  press  against  the  two  glass  rods  F  and  D.  As  the  rod 
F  is  fixed,  the    .  ^      -, 

bar     can     only    r         jl " " V     '  \^ 

expand  in  the 
direction  KH, 
and  in  order  to 
eliminate  the 
effects  of  fric- 
tion it  rests  on 
two  glass  rollers. 


a 


J^ 


\ 


^^ 


Fig.  376. 


Lastly,  the  telescope  has  a  cross-wire  in  the  eyepiece, 
which,  when  the  telescope  moves,  indicates  the  depression  by  the  corre- 
sponding number  of  divisions  on  a  vertical  scale  AB,  at  a  distance  of  220 
yards. 

The  trough  is  first  filled  with  ice,  and  the  bar  being  at  zero,  the  division 
on  the  scale  AB,  corresponding  to  the  wire  of  the  telescope,  is  read  off. 
The  ice  having  been  removed,  the  trough  is  filled  with  oil  or  water,  which  is 
heated  to  a  given  temperature.  The  bar  then  expands,  and  when  its  tempe- 
rature has  become  stationary,  which  is  determined  by  means  of  thermometers, 
the  division  of  the  scale,  seen  through  the  telescope,  is  read  off. 

From  these  data  the  elongation  of  the  bar  is  determined  ;  for  since  it  has 
become  longer  by  a  quantity,  CH,  and  the  optical  axis  of  the  telescope  has 
become  inclined  in  the  direction  GB,  the  two  triangles,  GHC  and  ABG, 
are  similar,  for  they  have  the  sides  at  right  angles  each  to  each,  so  that 

HC     CH 

In  the  same  way,  if  HC  were  another  elongation,  and  AB'  a 


Al5      AG 

corresponding   deviation,   there   would  still  be 


HC     GH 


from  which   it 


AB'     AG 

follows  that  the  ratio  between  the  elongation  of  the  bar  and  the  deflection 

GH 
o!  the  telescope  is  constant,  for  it  is  always  equal  to  ^^-j-.      A  preliminary 


AG 


HC 


measurement  had  shown  that  this  ratio  was  y—.     Consequently,  - 


1 


whence   H  C  « 


AB 

744 


that  is,  the  total  elongation  of  the  bar  is  obtained  by 


dividing  the  length  on  the  scale  traversed  by  the  cross-wire  by  744.  Divid- 
ing this  elongation  by  the  length  of  the  bar,  and  then  by  the  temperature  of 
the  bath,  the  quotient  is  the  dilatation  for  the  unit  of  length  and  for  a  single 
degree — in  other  words,  the  coefficient  of  linear  dilatation. 

315.  moy  and  mamsden's  matliod. — Lavoisier  and  Laplace's  method  is 
founded  on  an  artifice  which  is  frequently  adopted  in  physical  determinations, 
and  which  consists  in  amplifying  by  a  known  amount  dimensions  which,  in 
themselves,  are  too  small  to  be  easily  measured.  Unfortunately  this  plan  is 
often  more  fallacious  than  profitable,  for  it  is  first  necessary  to  determine  the 
ratio  of  the  motion  measured  to  that  on  which  it  depends.  In  the  present 
case  it  is  necessary  to  know  the  lengths  of  the  arms  of  the  lever  in  the 
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apparatus.  Bui  this  preliminary  operaiion  may  introduce  errors  of  such  im- 
portance as  partially  lo  countetbalance  the  advantage  of  ^reaC  delicacy. 
The  following  method,  used  by  General  Roy  in  1787,  and  which  was  devised 
by  Kamsden,  depends  on  another  principle.  It  measures  the  elongations 
directly,  and  without  amplifying  them  ;  but  it  measures  them  by  meaos  of  a 
micrometer,  which  indicates  very  small  displacements. 

The  apparatus  (fig.  iiy)  consists  of  three  parallel  metal  troughs  about  6 
feet  long.     In  the  middle  one  there  is  a  bar  of  the  body  whose  expansii 


L 


to  be  detemiined,  and  in  the  two  others  are  cast-iron  bars  of  exactly  ihe 
e  length  as  this  bar.  Rods  are  fixed  vertically  on  both  ends  of  these 
three  bars.  On  the  rods  in  the  troughs  A  and  B  there  are  rings  with  cross- 
wires  like  those  of  a  telescope.  On  the  rods  in  the  trough  C  are  small  tele- 
scopes also  provided  with  cross -wires. 

The  troughs  being  filled  with  ice,  and  all  three  bars  at  zero,  the  points  of 
intersection  of  the  wires  in  the  disc,  and  of  the  wires  in  the  telescope,  are  all 
in  a  line  at  each  end  of  the  bar.  The  temperature  in  the  middle  trough  is 
then  raised  to  loo"  C.  by  means  of  spirit  lamps  placed  beneath  the  trough  ; 
the  bar  expands,  but  as  it  is  in  contact  with  the  end  of  the  screw,  a,  fixed  on 
the  side,  all  the  elongation  takes  place  in  the  direction  mvi,  and,  as  the  cross- 
niren  remains  in  position,  the  cross-wire  wis  moved  towards  B  by  a  quantity 
equal  10  the  elongation.  But  since  the  screw  a  is  attached  to  the  bar,  by 
turning  it  slowly  from  right  to  left  the  bar  is  moved  in  the  direction  »wt, 
and  the  cross-wire  m  regains  its  original  position.  To  effea  this,  the  screw 
has  been  turned  by  a  quantity  exactly  equal  to  the  elongation  of  the  bar, 
and,  as  this  advance  of  the  screw  is  readily  deduced  from  the  number  of 
turns  of  its  thread  {w),  the  total  CMpansion  of  the  bar  is  obtained,  which, 
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divided  by  the  temperature  of  the  bath,  and  this  quotient  by  the  length  of 
the  bar  at  zero,  gives  the  coefficient  of  linear  expansion. 

316.  Co«floteBts  of  linear  ezpaDsioD. — By  one  or  the  other  method 
the  following  results  have  been  obtained  : — 

Coefficients  of  linear  expansion  for  1°  between  0°  and  100°  C. 

Pine 0000006080    Copper 0-000017182 

Graphite 0*000007860    Bronze 0*000018167 

Marble 0*000008490     Brass 0*000018782 

White  glass    ....  00000086 13     Silver 0000019097 

Platinum 0*000008842     Tin 0000021730 

I'niempered  steel  .     .  0*000010788     Lead 0*000028575 

Cast  iron 0*000011250    Zinc 0000029417 

Sandstone 0*000011740    Sulphur 0*000064130 

Wrought  iron     .     .     .  0*000012204     Ebonite 0000084200 

Tempered  steel  .     .    .  0*000012395     Paraffine 0000278540 

(iold 0*000014660 

From  what  has  been  said  about  the  linear  expansion  (311),  the  coefficients 
of  cubical  expansion  of  solids  are  obtained  by  multiplying  those  of  linear 
expansion  by  three. 

The  coefficients  of  the  expansion  of  the  metals  vary  with  their  physical 
condition,  being  different  for  the  same  metal  according  as  it  has  been  cast 
or  hammered  and  rolled,  hardened  or  annealed.  As  a  general  rule,  opera- 
tions which  increase  the  density  increase  also  the  rate  of  expansion.  But 
even  for  substances  in  apparently  the  same  condition,  different  observers 
have  found  very  unequal  amounts  of  expansion  ;  this  may  arise  in  the  case 
of  compound  substances,  such  as  glass,  brass,  or  steel,  from  a  want  of  uni- 
formity in  chemical  composition,  and  in  simple  bodies  from  slight  differences 
of  physical  state. 

The  expansion  of  amorphous  solids,  and  of  those  which  crystallise  in  the 
regular  system,  is  the  same  for  all  dimensions,  unless  they  are  subject  to  a 
strain  in  some  particular  direction.  A  fragment  of  such  a  substance  varies 
in  bulk,  but  retains  the  same  shape.  Crystals  not  belonging  to  the  regular 
system  when  heated,  exhibit  an  unequal  expansion  in  the  direction  of  their 
different  axes,  in  consequence  of  which  the  magnitude  of  their  angles,  and 
therefore  their  form,  is  altered.  In  the  dimetric  system  the  expansion  is  the 
same  in  the  direction  of  the  two  equal  axes,  but  different  in  the  third.  In 
cr>'stals  belonging  to  the  hexagonal  system  the  expansion  is  the  same  in 
the  direction  of  the  three  secondary  axes,  but  different  from  that  accord- 
ing to  the  principal  one.  In  the  trimetric  system  it  is  different  in  all  three 
directions. 

To  the  general  law  that  all  bodies  expand  by  heat  there  is  an  important 
exception  in  the  case  of  iodide  of  silver,  which  contracts  somewhat  when 
heated.     It  has  a  negative  coefficient  of  expansion,  the  value  of  which  is 

000000139  fo**  *°  ^• 

Fizeau  determined  the  expansion  of  a  great  number  of  crystallised  bodies 
by  an  optical  method.  He  placed  thin  plates  of  the  substance  on  a  glass 
plate  and  let  yellow  light  pass  through  them.     He  thus  obtained  alternately 
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yellow  and  dark  Newton's  rings  (^.i'.).  On  heating,  the  plate  of  the  substance 
expanded,  the  thin  layer  of  air  became  thinner,  and  the  position  of  the  rings 
was  altered.  From  the  alteration  in  their  position  the  amount  of  the  expan- 
sion could  be  deduced.  Among  the  results  he  has  obtained  is  the  curious 
one  that  certain  crystallised  bodies,  such  as  diamond,  emerald,  and  cupric 
oxide,  contract  on  being  cooled  to  a  certain  temp)erature,  but  as  the  cooling 
is  continued  below  this  temperature  they  expand.  They  have  thus  a  tem- 
perature of  maximum  density,  as  is  the  case  with  water  (329).  In  the  case 
of  emerald  and  cuprous  oxide  this  temperature  is  at  —  4'2°,  in  the  case  of 
diamond  at  —  42*3°. 

317.  The  ooeffioients  of  expansion  increase  witb  the  temperature. — 
According  to  Matthiessen,  who  determined  the  expansion  of  the  metals  and 
alloys  by  weighing  them  in  water  at  different  temperatures,  the  coefficients 
of  expansion  are  not  quite  regular  between  o^  and  100°.  He  found  the 
following  values  for  the  linear  expansion  between  o^  and  100: —    . 

Zinc Lt  =  Lo  (i +0-00002741 /  + 0-0000000235 /*) 

Lead   .     .     .     .     .  Lt=  L^  (i +0-00002716 /  + 0-0000000074 /^) 

Silver Lt-L^  (i +0-00001809 /  + 0*0000000135 /') 

Copper    ....  Lt  =  Lo  (i +000001408 /  + 0-0000000264 /*) 

Gold Li  =  Lq  (i  f  000001358  / +  000000001 12  A^) 

Matthiessen  further  found  that  the  coefficients  of  expansion  of  an  alloy  arc 
ver>'  nearly  equal  to  the  mean  of  the  coefficients  of  expansion  of  the  volumes 
of  the  metals  composing  it. 

3 1 8.  Formulee  relative  to  tbe  expansion  of  solids. — Let  /  be  the  length 
of  a  bar  at  zero,  /'  its  length  at  the  temperature  /°  C,  and  a  its  coefficient  of 
linear  expansion.  The  tables  usually  give  the  expansion  for  1°  between  o'' 
and  100°  as  in  Art.  316,  or  for  100°;  in  this  latter  case  u  is  obtained  by 
dividing  the  number  by  100. 

The  relation  existing  between  the  above  quantities  is  expressed  by  a  few 
simple  formulae. 

The  elongation  corresponding  to  /  is  /  times  a  or  at  for  a  single  unit  of 
length,  or  ntl  for  /  units.  The  length  of  the  bar  which  is  /  at  zero  is  /  +  a// 
at  /,  consequently, 

/'  =  /+a//=/(l+a/). 

This  formula  gives  the  length  of  a  body  /'  a^  /^,  knowing  its  length  /  at 
zero,  and  the  coefficient  of  expansion  a  ;  and  by  simple  algebraical  transforma- 
tions we  can  obtain  from  it  formulze  for  the  length  at  zero,  knowing  the 
length  /'  at  /^,  and  also  for  finding  a,  the  coefficient  of  linear  expansion, 
knowing  the  lengths  /'  and  /  at  /°  and  zero  respectively. 

The  formulae  for  cubical  expansion  are  entirely  analogous  to  the  pre- 
ceding. 

The  following  are  examples  of  the  application  of  these  formulae  : — 

(i.)  A  metal  bar  has  a  length  /'at  /'°;  what  will  be  its  length  /at  /°? 

From  the  above  formula  we  first  get  the  length  of  the  given  bar  at  zero, 

which  is , ;  by  means  of  the  same  formula  we  pass  from  zero  to  f^  in 

1  +a/ 
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multiplying  by  i  -h  a/,  which  gives  for  the  desired  length  the  formula 

\^at' 

(ii.)  The  density  of  a  body  being  d  at  zero,  required  its  density  if  at  /°. 

If  I  be  the  volume  of  the  body  at  zero,  and  D  its  coefficient  of  cubical 
expansion,  the  volume  at  /  will  be  i  -  D/  ;  and  as  the  density  of  a  body  is  in 
inverse  ratio  of  the  volume  which  the  body  assumes  in  expanding,  we  get 
the  inverse  proportion, 

(f  ',  d=\    :    I  +  D/ 

ox  d 


d         I      '  i  +  D/ 

Consequently,  when  a  body  is  heated  from  o  to  /°,  its  density,  and  there- 
fore its  weight  for  an  equal  volume,  is  inversely  as  the  binomial  expression, 
I  +  D/. 

319*  ApplioatioBS  of  the  expansion  of  solids. — In  the  arts  we  meet 
^ith  numerous  examples  of  the  influence  of  expansion.  (\,)  The  bars  of 
furnaces  must  not  be  fitted  tightly  at  their  extremities,  but  must,  at  least,  be 
free  at  one  end,  otherwise  in  expanding  they  would  split  the  masonry,  (ii.) 
In  making  railways  a  small  space  is  left  between  the  successive  rails,  for,  if 
they  touched,  the  force  of  expansion  would  cause  them  to  curve  or  would 
break  the  chairs,  (iii.)  Water-pipes  are  fitted  to  one  another  by  means  of 
telescope  joints,  which  allow  room  for  expansion,  (iv.)  If  a  glass  is  heated 
or  cooled  too  rapidly  it  cracks  ;  this  arises  from  the  fact  that  glass  is  a  bad 
conductor  of  heat,  the  sides  become  unequally  heated,  and  consequently 
unequally  expanded,  which  causes  a  fracture. 

When  bodies  have  been  heated  to  a  high  temperature,  the  force  pro- 
duced by  their  contraction  on  cooling  is  very  considerable ;  it  is  equal  to 
the  force  which  is  needed  to  compress  or  expand  the  material  to  the  same 
extent  by  mechanical  means.    According  to  Barlow,  a  bar  of  malleable  iron 
a  square  inch  in  section  is  stretched  j^^^.^o^^^  of^  i^s  length  by  a  weight  of  a 
ton  ;  the  same  increase  is  experienced  by  about  9°  C.    A  difference  of  45° 
C.  between  the  cold  of  winter  and  the  heat  of  summer  is  not  unfrequently 
experienced  in  this  country.     In  that  range,  a  wrought-iron  bar  ten  inches 
long  will  vary  in  length  by  aJ^th  of  an  inch,  and  will  exert  a  strain,  if  its  ends 
arc  securely  fastened,  of  fifty  tons.     It  has  been  calculated  from  Joule's  data 
that  the  force  exerted  by  heat  in  expanding  a  pound  of  iron  between  o^  and 
100^,  during  which  it  increases  about  ■^\^  of  its  bulk,  is  equal  to  16,000 
foot-pounds  ;  that  is,  it  could  raise  a  weight  of  7  tons  through  a  height  of  one 
foot. 

i.;  An  application  of  this  contractile  force  is  seen  in  the  mode  of  secur- 
ing tires  on  wheels.  The  tire  being  made  red-hot,  and  thus  considerably 
expanded,  is  placed  on  the  circumference  of  the  wheel  and  then  cooled. 
The  lire,  when  cold,  embraces  the  wneel  with  such  force  as  not  only  to 
secure  itself  on  the  rim  but  also  to  press  home  the  joints  of  the  spokes  into 
the  felloes  and  nave,  (ii.)  Another  interesting  application  was  made  in  the 
case  of  a  gallery  at  the  Conservatoire  des  Arts  et  Metiers  in  Paris,  the  walls 
of  nhich  had  begun  to  bulge  outwards.     Iron  bars  were  passed  across  the 
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building  and  screw-ed  into  plates  on  the  outside  of  the  walls.  Each  alternate 
bar  was  then  heated  by  means  of  lamps,  and  when  the  bar  had  expanded 
it  was  screwed  up.  The  bars  being  then  allowed  to  cool  contracted,  and  in 
Ml  doing  drew  the  "alls  together.  The  same  operation  was  perfonned  on 
the  other  bars. 

320.  Co^|»eiiBaUon  pendaiam.— An  important  application  of  the  ex- 
(Kinsion  of  metals  has  been  made  in  the  camfeitsalioH  pendulum.    This  is 

fa  pendulum  in  which  the  elongation,  when 
the  temperature  rises,  is  so  compensated  (hat 
the  distance  between  the  centre  of  suspension 
and  the  centre  of  oscillation  (80)  remains  con- 
,  stant,  which,  from  the  laws  of  the  pendulum 

(81),  is  necessary  for  isochronous  oscillations, 
and  in  order  that  the  pendulum  may  be  used 
as  a  regulator  of  clocks. 

In  fig.  278,  which  represents  the  gridirott 
pendulum,  one  of  the  commonest  forms  of 
compensation  pendulum,  the  ball,  L,  instead 
of  being  supported  by  a  single  rod,  is  sup- 
ported by  a  framework,  consisting  of  alternate 
rods  of  steel  and  brass.  In  the  figure,  the 
shaded  rods  represent  steel  ;  including  a 
small  itecl  rod,  b,  which  supports  the  whole  of 
the  apparatus,  there  are  six  of  them.  The 
rest  of  the  rods,  four  in  number,  arc  of  brass. 
The  rod  /'.  which  supports  the  ball,  is  fixed  at 
its  upper  end  to  .i  horizontal  cross-piece  :  at 
its  lower  end  it  is  free,  and  passes  through 
the  iwo  circular  holes  in  the  lower  horirontal 

which  the  vertical  rods 
pieces,  that  the  elongatii 
]    only  take  place  in  a  d< 
that  of  the  brass  rods 
Consequently 
remain  of  the 


from  the  n 
e  fixed  10  the  cross- 
of  the  sleel  rods  can 
nward  direction,  and 
an  upward  direction. 
order  that  the  pendulum  may 
length,  it  is  necessary  that 


(if  the  brass  rods  shall  lend  to  make  the  ball  rise,  by  exactly 
iiiH-  nuanlily  th.it  the  elongation  of  the  sieel  rod  tends  to  lower  it :  a 
wliiih  is  attained  when  the  sum  of  the  lengths  of  the  steel  rods  A  is 
Mini  nf  the  lengths  of  the  brass  rods  II  in  the  inverse  ratio  of  the  co- 
\\\-.  of  expansion  of  sieel  and  brass,  a  and  b  ;  that  is,  in  tlic  proportion 

A:... 
11-  i-loiigatioii  of  the  rod  may  also  be  compensated  for  by  means  of 
«...j/(\t.'  stripi.  These  consist  of  iwo  blades  of  copper  and  iron 
t\i  ti'd'ether  and  fixed  to  the  pendulum  rod,  as  represented  in  fig.  279- 
»"[i|>t'i  Wade,  which  is  more  expansible,  is  below  the  iron.  When  the 
i.itun-  sinks,  the  pendulum  rod  becomes  shorter,  and  the  ball  rises. 
I  ihc  same  time  the  compensating  strips  become  cuncd,  as  seen  ii) 
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fig.  280,  in  consequence  of  the  copper  contracting  more  than  the  iron,  and 
two  metallic  balls  at  their  extremities  become  lower.  If  they  have  the  pro- 
per size  in  refer- 
ence to  the  pen- 
dolom  ball,  the 
pans  which  tend 
to  approach  the 
centre    of    sus- 


pension compen- 
sate those  which 
tend  to  remove 
from  it,  and  the 

centre    of    OScil-  ^'8-  ^79-  Fig.  aSa  Fig.  a8i. 

Ution  is  not  displaced.  If  the  temperature  rises,  the  pendulum  ball 
descends ;  but  at  the  same  time  the  small  balls  ascend,  as  shown  in  fig. 
2S1,  so  that  there  is  always  compensation. 

One  of  the  most  simple  compensating  pendulums  is  the  mercury  pen- 
dulum^ invented  by  an  English  watchmaker,  Graham.  The  ball  of  the  pen- 
dulum, instead  of  being  solid,  consists  of  a  glass  cylinder,  containing  pure 
mercury,  which  is  placed  in  a  sort  of  stirrup,  supported  by  a  steel  rod. 
When  the  temperature  rises  the  rod  and  stirrup  become  longer,  and  thus 
lower  the  centre  of  gravity  ;  but  at  the  same  time  the  mercury  expands,  and, 
rising  in  the  cylinder,  produces  an  inverse  effect,  and  as  mercury  is  much 
more  expansible  than  steel,  a  compensation  may  be  effected  without  making 
the  mercurial  vessel  of  undue  dimensions. 

The  same  principle  is  applied  in  the  compensating  balances  of  chronometers 
(fig.  282).  The  motion  here  is  regulated  by  a  balance  or  wheel,  furnished  with 
a  spiral  spring  not  represented  in  the  figure,  and  the  time 
of  the  chronometer  depends  on  the  force  of  the  spring,  the 
mass  of  the  balance,  and  on  its  circumference.  Now 
when  the  temperature  rises  the  circumference  increases, 
and  the  chronometer  goes  slower ;  and  to  prevent  this, 
part  of  the  mass  must  be  brought  nearer  the  axis.  The 
circumference  of  the  balance  consists  of  compensating 
stnps  BC,  of  which  the  more  expansible  metal  is  on  the 
outside,  and  towards  the  end  of  these  are  small  masses 
of  metal  D,  which  play  the  same  part  as  the  balls  in  the  above  case.  When 
the  radius  is  expanded  by  heat,  the  small  masses  are  brought  nearer  the 
centre  in  consequence  of  the  curvature  of  the  strips ;  and  as  they  can  be 
tixcd  in  any  position,  they  are  easily  arranged  so  as  to  compensate  for  the 
expansion  of  the  balance. 


Fig.  282. 
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CHAPTER    III. 

EXPANSION   OF   LIQUIDS. 

321.  Apparent  and  real  ezpaasion. — If  a  flask  of  thin  glass,  provided 
with  a  narrow  stem,  the  flask  and  part  of  the  stem  being  filled  with  some 

coloured  liquid,  be  immersed  in  hot  water 
(fig.  283),  the  column  of  liquid  in  the  stem  at 
first  sinks  from  b  to  a,  but  then  immediately 
after  rises,  and  continues  to  do  so  until  the 
liquid  inside  has  the  same  temperature  as  the 
hot  water.  This  first  sinking  of  the  liquid  is 
not  due  to  its  contraction  ;  it  arises  from  the 
expansion  of  the  glass,  which  becomes  heated 
before  the  heat  can  reach  the  liquid  ;  but  the 
expansion  of  the  liquid  soon  exceeds  that  of 
the  glass,  and  the  liquid  ascends. 

Hence  in  the  case  of  liquids  we  must  dis- 
tinguish between  the  apparent  and  the  real 
or  absolute  expansion.  The  apparent  expan- 
sion is  that  which  is  actually  observed  when 
liquids  contained  in  vessels  are  heated  ;  the 
absolute  expansion  is  that  which  would  be 
observed  if  the  vessel  did  not  expand  ;  or,  as 
this  is  never  the  case,  it  is  the  apparent  ex- 
pansion corrected  for  the  simultaneous  expansion  of  the  containing  vessel. 

As  has  been  already  stated,  the  cubical  expansion  of  liquids  is  alone 
considered ;  and  as  in  the  case  of  solids,  the  coefficient  of  expansion  of  a 
liquid  is  the  increase  of  the  unit  of  volume  for  a  single  degree  ;  but  a 
distinction  is  here  made  between  the  coefficient  0/ absolute  expansion  and  the 
coefficient  of  apparent  expansion.  Of  the  many  methods  which  have  been 
employed  for  determining  these  two  coefficients,  we  shall  describe  that  of 
Dulong  and  Petit. 

322.  Coefficient  of  tbe  absolute  expansion  of  nieroury. — In  order  to 
determine  the  coefficient  of  the  absolute  expansion  of  mercur>%  the  influence 
of  the  envelope  must  be  eliminated.  Dulong  and  Petit's  method  depends  on 
the  hydrostatical  principle  that,  in  two  communicating  vessels,  the  heights 
of  two  columns  of  liquid  in  equilibrium  are  inversely  as  their  densities  (108), 
a  principle  independent  of  the  diameters  of  the  vessels,  and  therefore  of 
their  expansions. 

The  apparatus  consists  of  two  glass  tubes,  A  and  B  (fig.  284),  joined  by  a 
capillary  tube  and  kept  vertical  on  an  iron  support,  KM,  the  horizontality 


Fig.  283. 


Inng  u  they  are  ai  the  sj 
n  heated,  and  expands. 

Let  h  and  d  be  the  height  and  density  of  the  mercury  in  the  leg  A,  at  the 
Jfnpenilurc  (ero,  and  /)'  and  if  the  same  qunntilies  in  the  leg  B.  From  the 
(lydrMUtical  principle  previously  cited  we  have  had  hd^h'  if.     Now  from 

the  probtem   in  An.  318,  (/■  =  ■ j— ,  !)  being  the  coefficient  of  absolute 

expansion  of  mercury  ;  substituting  this 


-.-Ad,  from  which  we  get  D  - 


h-~h 


The  coefficient  of  absolute  expansion  of  mercury  is  obtained  from  this 
fMiniiU,  knawing  the  heights  A'  and  h,  and  the  temperature  /  of  the  bath  in 
•hich  the  lube  B  is  immersed.  In  Dulotig  and  Petit's  experiment  this 
tcmpenture  was  measured  by  a  weight  thermometer,  P  (333).  the  mercury  of 
•hich  overflowed  into  (he  basin,  C,  and  by  means  of  an  air  thcnnometer,  T 
ijji) :  the  heights  ^'and  A  were  measured  by  a  cathctomcter,  K  (89). 

Dutimg  and  Petit  found  by  iYHa  method  that  ihe  coefficient  of  absolute 
npansion  of  mercury  between  o"  and  100°  C.  is  jJ^;;.  But  they  found  that 
ib«  coeffirieni  increased  with  the  temperature.  Between  100°  and  200° 
"I  tt  (i,(.  and  between  :oo^  and  300*  it  is  ^{j^.  The  same  observation 
iiat  been  made  in  reference  to  other  liquids,  showing  that  their  expansion 
it  not  regular.  It  has  been  found  that  this  expansion  is  less  regular  in 
proportion  as  liquids  are  near  a  change  in  their  state  of  aggregation ; 
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is,  approach  their  freezing  or  boiling  points.  Dulong  and  Petit  found  that 
the  expansion  of  mercury  between  —36®  and  100^  is  practically  quite  uniform. 
Regnault,  who  determined  this  important  physical  constant,  found  that 

between  loo**  and  200**, 


100°  is 


RSOS) 


the  mean  coefficient  between  0°  and 
33V4,  and  between  200°  and  300°,  g^ig. 

323.  Coefficient  of  the  apparent  expansion  of  mereury. — The  co- 
efficient of  apparent  expansion  of  a  liquid  varies  with  the  nature  of  the 

envelope.  That  of  mercury  in  glass 
was  determined  by  means  of  the 
apparatus  represented  in  fig.  285. 
It  consists  of  a  glass  cylinder  to 
which  is  joined  a  bent  capillary 
glass  tube,  open  at  the  end. 

The  apparatus  is  weighed  first 
empty,  and  then  when  filled  with 
mercur>'  at  zero :  the  diflference 
gives  the  weight  of  the  mercury,  P.  It  is  then  raised  to  a  known  temperature, 
/  ;  the  mercur>'  expands,  a  certain  quantity  passes  out,  which  is  received  in 
the  capsule  and  weighed.  If  the  weight  of  this  mercury  be  /,  that  of  the 
mercur>'  remaining  in  the  apparatus,  will  be  P  — /. 

When  the  temperature  is  again  zero,  the  mercur>'  in  cooling  produces  an 
empty  space  in  the  vessel,  which  represents  the  contraction  of  the  weight  of 
mercury  V  -/,  from  /°  to  zero,  or,  what  is  the  same  thing,  the  expansion 
of  the  same  weight  from  o  to /°  ;  that  is,  the  weight/  represents  the  ex- 
pansion of  the  weight  P  -/,  for  /°.     If  this  weight  expands  in  glass  by  a 

(juantity  /  for  /°,  a  single  unit  of  weight  would  expand    ,y^—:  for  f^t  'ind 
—^ —  for  a  single  degree;  consequently,  for  D',  the  coefficient  of  ap- 
parent expansion  of  mercur>-  in  glass,  we  have  D'*-»  —£-..  Dulong 

and  Petit  found  the  coefficient  of  apparent  expansion  of  mercur)'  in  glass  to 
be  -'— 

324.  'WeiflTbt  tbermometer. — The  apparatus  represented  in  fig.  285  is 
called  the  weis^ht  thermometer^  because  the  temperature  can  be  deduced  from 
the  weight  of  mercury'  which  overflows. 

The  above  experiments  have  placed  the  coefficient  of  apparent  expansion 

at  g^~  :  we  have  therefore  the  equation  -    ^- =  6Ao»  from  which  we  get 

/  «  — p — ^,  a  formula  which  gives  the  temperature  /  when  the  weights  P  and 
Y-p 

p  are  known. 

325.  Coefficient  of  the  expansion  of  riass. — As  the  absolute  expansion 

of  a  liquid  is  the  apparent  expansion, ////j  the  expansion  due  to  the  envelope, 

the  coefficient  of  the  cubical  expansion  of  glass  has  been  obtained  by  taking 

the  difference  between  the  coefficient  of  absolute  expansion  of.  mercury  in 

glass  and  that  of  its  apparent  expansion.     That  is,  the  coefficient  of  cubical 

expansion  of  glass  is 

0002584. 
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Regnault  found  that  the  coefficient  of  expansion  varies  with  different 
kinds  of  glass,  and  further  with  the  shape  of  the  vessel.  Yox  ordinary 
chemical  glass  tubes,  the  coefficient  is  0-0000254. 

326.  CoeMeieats  of  expansion  of  Tarlons  liquids. — The  apparent  ex- 
pansion of  liquids  may  be  determined  by  means  of  the  weight  thermometer, 
and  the  absolute  expansion  is  obtained  by  adding  to  this  coefficient  the 
expansion  of  the  glass. 


Total  apparent  expansions  of  liquids  between  o  and  100°  C. 


Mercury 

.  0*01543 

Ether     . 

.  007 

Distilled  water    . 

.  0-0466 

Fixed  oils 

.  o-o8 

Water  saturated  with  salt 

.  0-05 

Nitric  acid     . 

.  o-ii 

Sulphuric  acid     . 

.  0*06 

Alcohol  .... 

.  o-ii6 

Hydrochloric  acid 

.  006 

Bisulphide  of  carbon 

.  0-128 

Oil  of  turpentine 

.  007 

Chloroform     . 

.  0-157 

The  coefficient  of  apparent  expansion  for  i®  C.  is  obtained  by  dividing  these 
numbers  by  100  ;  but  the  number  thus  obtained  does  not  represent  the  mean 
coefficient  of  expansion  of  liquids,  for  the  expansion  of  these  bodies  increases 
gradually  from  zero.  The  expansion  of  mercury  is  practically  constant 
between  —36°  and  100®  C,  while  water  contracts  from  zero  to  4°,  and  then 
expands. 

For  many  physical  experiments  a  knowledge  of  the  exact  expansion  of 
water  is  of  great  importance.  This  physical  constant  was  determined  with 
great  care  by  Matthiessen,  who  found  that  between  4°  and  30°  it  may  be 
expressed  by  the  formula 

V/«i  -0-00000253  (/- 4) +  00000008389  (/-4)'^  + 000000007173  (/-4)^; 
and  between  30  and  100  by  V7  =  0-999695  +  000000547  24/^  +  0-0000000 1 1 26/^ 
Many  liquids,  with  low  boiling  points,  especially  condensed  gases,  have  very 
high  coefficients  of  expansion.  Thilorier  found  that  liquid  carbonic  acid 
expands  four  times  as  much  as  air.  Drion  confirmed  this  observation,  and' 
has  obtained  analogous  results  with  chloride  of  ethyle,  liquid  sulphurous 
acid,  and  liquid  hyponitrous  acid. 

327.  Correction  of  tlie  baromotrio  liei^lit.— It  has  been  already  ex- 
plained under  the  Barometer  (164),  that,  in  order  to  make  the  indications  of 
this  instrument  comparable  in  different  places  and  at  different  times,  they 
must  be  reduced  to  a  uniform  temperature,  which  is  that  of  melting  ice. 
The  correction  is  made  in  the  following  manner  : — 

Let  H  be  the  barometric  height  at  /°,  and  //  its  height  at  zero,  d  the 
density  of  mercury  at  zero,  and  d'  its  density  at  t^.    The  heights  H  and  // 

arc  inversely  as  the  densities  ^and  d' ;  that  is,  J  =  -7.     If  we  call  i  the  volume 

H     d 

of  mercur)'  at  zero,  its  volume  at  /^  will  be  i  +  D/,  D  being  the  coefficient 

of  absolute   expansion   of   mercur)'.      But   these   volumes,    i  +  D/  and    i, 

are  inversely  as  the  densities  of  d  and  d  ;  that  is,  — ,  =  ~—  -,    .  Consequently, 
'  d     I  +  Df 

A         1  H 

.   •  ,  whence  //  = ^     .     Replacing   D  by  its  value  5.'^^,  we  have 
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h^      _?_   -5508H 
1+  J.         5508  +  / 
5508 
In  this  calculation,  the  coefficient  of  absolute  expansion  of  mercury  is 
taken,  and  not  that  of  apparent  expansion  ;  for  the  value  H  is  the  same  as 
if  the  glass  did  not  expand,  the  barometric  height  being  independent  of  the 
diameter  of  the  tube,  and  therefore  of  its  expansion. 

328.  Correction  of  tbormoinotrio  readings. — If  the  whole  column  of 
mercury  of  a  thermometer  is  not  immersed  in  the  space  whose  temperature 
is  to  be  determined,  it  is  necessary  to  make  a  correction,  which  in  the 
accurate  determination  of  boiling  points,  for  instance,  is  of  great  import- 
ance, in  order  to  arrive  at  the  true  temperature  which  the  thermometer 
should  show.  That  part  of  the  stem  which  projects  will  have  a  tempera- 
ture which  must  be  estimated,  and  which  may  roughly  be  taken  as  some- 
thing over  that  of  the  surrounding  air. 

Supposing,  for  instance,  the  actual  reading  is  160°  and  that  the  whole  of  the 
part  over  So''  is  outside  the  vessel,  while  the  temperature  of  the  surrounding 
air  is  15°.  We  will  assume  that  the  mean  temperature  of  the  stem  is  25® 
and  that  a  length  of  160° -80°  is  to  be  heated  through  160-25  =  135®  ;  this 

gives  80  X     .  4,—  =  I  "66  (taking  the  coefficient  of  apparent  expansion  of  mer- 
6400 

cury)  ;  so  that  the  true  reading  is  i6i*66. 

329.  Force  exerted  by  liquids  in  expanding. — The  force  which  liquids 
exert  in  expanding  is  very  great,  and  equal  to  that  which  would  be  required 
in  order  to  bring  the  expanded  liquid  back  to  its  original  volume.  Now  we 
know  what  an  enormous  force  is  required  to  compress  a  liquid  to  even  a  very 
small  extent  (98).  Thus  between  0°  and  10°,  mercury  expands  by  0*0015790 
of  its  volume  at  0°  ;  its  compressibility  is  000000295  of  its  volume  for  one 
atmosphere  ;  hence  a  pressure  of  more  than  600  atmospheres  would  be 
requisite  to  prevent  mercury  expanding  when  it  is  heated  from  o®  to  10®. 

330.  Maximum  density  of  water. — Water  presents  the  remarkable 
phenomenon  that  when  its  temperature  sinks  it  contracts  up  to  4°  ;  but  from 
that  point,  although  the  cooling  continues,  it  expands  up  to  the  freezing  point, 
so  that  4°  represent  the  point  of  greatest  contraction  of  water. 

Many  methods  have  been  used  to  determine  the  maximum  density  of 
water.  Hope  made  the  following  experiment : — He  took  a  deep  vessel  per- 
forated by  two  lateral  apertures,  in  which  he  fixed  thermometers,  and  having 
filled  the  vessel  with  water  at  0°,  he  placed  it  in  a  room  at  a  temperature  of 
1 5°.  As  the  layers  of  liquid  at  the  sides  of  the  vessel  became  heated  they 
sank  to  the  bottom,  and  the  lower  thermometer  marked  4°  while  the  upper 
one  was  still  at  zero.  Hope  then  made  the  inverse  experiment  :  having 
filled  the  vessel  with  water  at  1 5°,  he  placed  it  in  a  room  at  zero.  The 
lower  thermometer  having  sunk  to  4°  remained  stationary  for  some  time, 
while  the  upper  one  cooled  down  until  it  reached  zero.  Both  these  experi- 
ments prove  that  water  is  heavier  at  4°  than  at  0°,  for  in  both  cases  it  sinks 
to  the  lower  part  of  the  vessel. 

This  last  experiment  may  be  adapted  for  lecture  illustration  by  using  a 
cylinder  containing  water  at  15°  C,  partially  surromided  by  a  jacket  con- 
taining bruised  ice  ('fig.  286;. 


Maximum  Density  of  Water. 


of  the  maximum  density  of  water  in  the 
bulb,  loaded  with  sand,  and  weighed  it 
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HaUstr&m  made  a  determinati 
following  manner  ;— He  took  a  gl 
in  water  of  different  temperatures.  Allow- 
ing for  the  expansion  of  glass,  he  found 
that  4'i''  was  the  temperature  at  which  it 
km  most  weight,  and  consequently  this 
was  the  temperature  of  the  maximum 
density  of  water. 

Despretz  arrived  at  the  temperature 
4°  by  another  method.  He  look  a  water 
ihennometcr— that  is  to  say,  a  bulbed  lube 
Mmtaining  water — and,  placing  it  in  a 
hath,  the  temperature  of  which  was  indi- 
cated by  an  ordinary  mercury  thermo- 
meter, found  that  the  water  contraaed  to 
Ibc  greatest  extent  at  4°,  and  that  this  is 
therefore  the  point  of  greatest  density. 

This  phenomenon  is  of  great  import- 
ance in  the  economy  of  nature.  In  winter 
the  temperature  of  lakes  and  rivers  falls, 
from  being  in  contact  with  the  cold  air 
ind  ftnm  other  causes,  such  as  radia-  pj^  ,3^ 

lion.  The  cold  water  sinks  to  ihe  bot- 
tom, and  a  continual  series  of  currents  goes  on  until  the  whole  has  a 
lemperalure  of  4".  The  cooling  on  the  surface  still  continues,  but  the  cooled 
layers  being  lighter  remain  on  the  surface,  and  ultimately  freeie.  The  ice 
fijTtned  thus  protects  the  water  below,  which  remains  at  a  temperature  of  4', 
tven  in  the  most  severe  winters,  a  temperature  at  which  fish  and  other 
inhabilanis  of  the  water  are  not  destroyed. 

The  following  table  of  the  density  of  water  at  various  temperatures  is 
based  on  several  sets  of  observations  : — 

Density  0/ -water  between  0°  and  30'. 


0-99993 
099997 
099999 

099999 
099997 
099994 
099988 
09998a 

0-99974 


0-99965 
0-999S5 

o'99943 
099930 
0-99915 
0-99900 
0-99^84 
0-99800 
0-99847 
0-99807 


0-99785 
0-99762 
0-99738 
0-99704 
0-99089 
0-99663 
0-99635 
0-99607 
0-99579 
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CHAPTER   IV. 

EXPAKSION   AND  DEKSITV  OF  GASES. 

33t.  a*r-Ka>»o'a  method.— Gases  .ire  the  most  expansible  of  all 
bodies,  and  ai  the  same  time  ihe  most  regular  in  their  expansion.  The 
ooefficienls  of  expansion,  too,  of  the  several  gases  differ  only  by  very  small 
quaniiiies.     The  cubical  e^:pansion  of  gases  need  alone  be  considered. 

Gay-Lussac  tirsl  determined  the  coefficient  of  the  expansion  of  gases  by 
,1^       -    -  means    of    the 

apparat  us  repre- 
sented in  fig. 
387. 

gular  metal 
bath,  about  16 
inches  long,  was 
fitted      an     air 

thermometer, 
which  consisted 
of  a  capillar)' 
tube,  AB,  with 
a  bulb.  A,  at  one 
'■■'e-  '^^-  end.     The  tube 

was  divided  into  parts  of  equal  capacity,  and  the  contents  of  the  bulb 
ascertained  in  terms  of  these  parts.  This  was  effected  by  weighing  Ihe 
bulb  and  tube  full  of  mercury  at  zero,  and  then  heating  slightly  to  expel 
a  small  quantity  of  mercur)-,  which  was  weighed.  The  apparatus  bring 
again  cooled  down  to  zero,  ihc  vacant  space  in  the  tube  corresponded  to  the 
weight  of  mercurj'  which  had  overflowed  ;  the  volume  of  mercury  remaining 
in  the  apparatus,  and  consequently  the  volume  of  the  bulb,  was  determined 
by  calculations  analogous  to  those  made  for  the  piezometer  (98). 

In  order  to  fill  Ihe  thermometer  whh  dry  air  it  was  first  filled  with 
mercury,  which  was  boiled  in  the  bulb  itself  A  lube,  C,  filled  with  chloride 
of  calcium,  was  then  fixed  on  to  its  end  by  means  of  a  cork.  A  fine  platinum 
wire  having  then  been  introduced  into  the  stem  AB,  through  the  tube  C,  and 
the  apparatus  being  slightly  inclined  and  agitated  from  time  to  time,  air 
entered,  having  been  previously  well  dried  by  passing  through  the  chloride 
of  calcium  tube.  The  whole  of  the  mercury  was  displaced,  with  the  ex- 
ception of  a  small  thread,  which  remained  in  the  lube  AB  as  an  index. 

The  air  thermometer  was  then  placed  in  the  box  filled  with  melting  ice, 
the  index  moved  towards  .\,  and  the  point  was  noted  at  which  it  became 
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stationary.  This  gave  the  volume  of  air  at  zero ;  for  the  capacity  of  the 
bulb  was  known.  Water  or  oil  was  then  substituted  for  the  ice,  and  the 
bath  successively  heated  to  different  temperatures.  The  air  expanded  and 
moved  the  index  from  A  towards  B.  The  position  of  the  index  in  each  case 
was  noted,  and  the  corresponding  temperature  was  indicated  by  means  of 
the  thermometers  D  and  E. 

Assuming  that  the  atmospheric  pressure  did  not  vary  during  the  experi- 
ment, and  neglecting  the  expansion  of  the  glass  as  being  small  in  comparison 
uith  that  of  the  air,  the  total  expansion  of  the  air  is  obtained  by  subtracting 
from  its  volume  at  a  given  temperature,  its  volume  at  zero.  Dividing  this 
by  a  given  temperature,  and  then  by  the  number  of  units  contained  in  the 
volume  at  zero,  the  quotient  is  the  coefficient  of  expansion  for  a  single  unit 
of  volume  and  a  single  degree  ;  that  is,  the  coefficient  of  expansion.  It  will 
be  seen,  further  on,  how  corrections  for  pressure  and  temperature  may  be 
introduced. 

By  this  method  Gay-Lussac  found  t'latthe  coefficient  of  expansion  of  air 
was  0-00375  ;  the  two  following  laws  hold  in  reference  to  the  expansion  of 
gases  :— 

I.  All  gases  have  the  same  coefficient  of  expansion  as  air. 

II.  This  coefficient  is  the  same  whatever  be  the  pressure  supported  by  the 
gas. 

These  simple  laws  are  not,  however,  rigorously  exact  (333) ;  they  only 
express  the  expansion  of  gases  in  an  approximate  manner.  These  laws 
were  discovered  independently  by  Dalton  and  by  Gay-Lussac,  and  are 
usually  ascribed  to  them.  The  first  discoverer  of  the  former  law  was, 
however,  Charles. 

332.  Froblems  on  tlie  expansion  of  grases. — Many  of  the  problems 
relative  to  the  expansion  of  gases  are  similar  to  those  on  the  expansion  of 
liquids.  With  obvious  modifications,  they  are  solved  in  a  similar  manner. 
In  most  cases  the  pressure  of  the  atmosphere  must  be  taken  into  account  in 
considering  the  expansion  of  gases.  The  following  is  an  example  of  the 
manner  in  which  this  correction  is  made  : — 

i.  The  volume  of  a  gas  at  /°,  and  under  the  pressure  H,  is  V  :  what  will 
be  the  volume  V  of  the  same  gas  at  zero,  and  under  the  normal  pressure 
760  millimetres  } 

Here  there  are  two  corrections  to  be  made  ;  one  relative  to  the  tempera- 
ture, and  the  other  to  the  pressure.  It  is  quite  immaterial  which  is  taken 
first.  If  /I  be  the  coefficient  of  cubical  expansion  for  a  single  degree,  by 
reasoning  similar  to  that  in  the  case  of  linear  expansion  (318),  the  volume  of 

the  gas  at  zero,  but  still  under  the  pressure  H,  will  be .    This  pressure 

*.s  reduced  to  the  pressure  760  in  accordance  with  Boyle's  law  (18O/,  by  put- 

ling  V)«76o- xH;    whence   V=-       - 

'  \^at  760(1+^7/) 

ii.  A  volume  of  gas  weighs  P'  at  /°  ;  what  will  be  its  weight  at  zero.*^ 

Let  P'  be  the  desired  weight,  a  the  coefficient  of  expansion  of  the  gas, 

^  its  density  at  /®,  and  d  its  density  at  zero.     As  the  weights  of  equal 

P'     d' 
volumes  are  proportional  to  the  densities,  we  have  ^^  ^ -.-     If  1    be   th" 
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volume  of  a  gas  at  zero,  its  volume  at  /  will  be  i  +  a/ :  but  as  the  densities 
are  inversely  as  the  volumes  '--^  =  — ^—, 
and  therefore  jj  =--^;  whence  P  =  P' (i +o/). 

From  this  equation  we  get  P'" which  gives  the  weight  at  /.know- 
ing the  weight  at  lero,  and  which  further  shows  that  the  weight  P'  is  in- 
versely as  the  binomial  of  expansion  i  +  at. 

333.  BesiiBiilt'B  metbod. — Kegnault  used  successfully  four  different 
methods  for  determining  the  expansion  of  gases.     In  some  of  them  the 


pressure  was  constant  and  the  volume  variable,  as  in  Gay-Lussads  method ; 
in  others  the  volume  remained  the  same  while  the  pressure  varied.  The 
lirst  method  ivill  be  described.  It  is  the  same  as  that  used  by  Rudberg 
and  Dulong,  but  is  distinguished  by  the  care  with  which  all  sources  of  error 
are  avoided. 

The  apparatus  consisted  of  a  pretty  large  cylindrical  reservoir,  B  (fig. 
288),  terminating  in  a  bent  capillary  tube.  In  order  to  fill  the  reservoir  with 
dry  air,  it  was  placed  in  a  hot-water  baih,  and  the  capillary  tube  connected 
iiy  a  caoutchouc  tube  with  a  series  of  drying  tubes.  TTiese  tubes  were 
joined  to  a  small  air-pump,  P,  by  which  a  vacuum  could  be  produced  in  the 
reservoir  ivhile  at  a  tem[)erature  of  100°.  The  resen-oir  was  first  exhausted, 
and  air  aftenvards  admitted  slowly  ;  this  operation  was  repeated  a  great 
many  times,  so  that  the  air  in  the  reservoir  became  qniie  drj-,  for  the  mois- 
ture adhering  to  the  sides  passed  otf  in  vapour  at  100°,  and  the  air  which 
entered  became  dry  in  its  passage  through  the  U  tubes. 

The  reservoir  was  then  kept  for  half  an  hour  at  the  temperature  of 
boiling  water;  the  air-pump  having  been  detached,  the  drying  tubes  were 
then  disconnected,  and  the  end  nf  the  lube  hermetically  sealed,  the  height 
H  of  the  barometer  being  noted.     When  the  reservoir  B  was  cool,  it  was 
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placed  in  the  apparatus  represented  in  fig.  289.    It  was  there  quite  suTTOunded 

with  ice,  and  the  end  of  the  tube  dipped  in  the  mercury  baih,  C.    After  the 

air  in  the  reservoir  B   had  sunk  to  zero,  the 

point  b  was  broken  ofT  by  means  of  a  forceps  ;  ^ 

the  air  in  the  interior  became  condensed  by  M^m^^^^m^^ 

atmospheric  pressure,  the  mercury  rising  to  a 

height  oG.      In  order  to  measure  the  height 

of  this  column.  Go,  which  will  be  called  k,  a 

movable  rod,  go,  was   lowered  until  its  point, 

«,  was  flush  with  the  surface  of  the  mercury  in 

the  bath  ;  the  distance  between  the  point  o  and 
the  level  of  the  mercury  G  was  measured  by 
means  of  the  cathetometer.  The  point  b  was 
finally  closed  with  wax  by  means  of  the  spoon  a, 
ind  the  barometric  pressure  noted  at  this  mo- 
nenL  If  this  pressure  be  H',  the  pressure  in 
(be  reservoir  is  W-k. 

The  reservoir  was  now  weighed  to  ascertain 
P.  the   weight   of  the  mercury  which   it  con- 
uined.    It  was  then  completely  filled  with  mer- 
cury at  lero,  in  order  to  have  the  weight  P'  of        __ 
the  mercury  in  the  reservoir  and  in  the  tube.  ""X-    '       ^^ —  ' 

If  a  be  the  coefficient  of  the  cubical  ex-  '''  °^ 

pansion  of  glass,  and  D  the  density  of  mercury  at  zero,  the  coelHciei 
nf  the  cubical  expansion  of  air  is  determined  in  the  following  mannei 
The  volume  of  the  reser\'oir  and  of  the  tube  at  zero  is  — ,  from  the  forn 
I'  ■  VD  (126);  consequently  this  volume  is 

,t('-") 


it  the  temperature  P,  assuming,  a 
expand  as  if  they  were  solid  glass. 

of  air  in  the  reservoir  at  zero,  and  under  the  pressure  H'-A,  i 

ihc  ume  pressure,  but  at  1°,  its  volume  would  be 


and  by  Boyle's  law  (180),  a 
ihis  volume  must  have  been 
(P'-PHi 


the  pressure  H,  a 
°0  (H'-A) 


which  the  tube  uas  sealed. 


DH 


(=) 


Now  the  volumes  represented  by  these  formula,  (i)  and  (2),  are  each 
tijual  to  the  volume  of  the  reservoir  and  the  tube  at  f  ;  they  are  therefore 
«|ual.    Removing  the  denominators,  we  have 

P'Cl+a/)H  =  (P--P)(i+a/)(H'-/<) (3) 

from  which  the  value  of  a  is  deduced. 
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The  means  of  a  great  number  of  experiments  between  zero  and  loo^  and 
for  pressure  between  300  millimetres  and  500  millimetres,  gave  the  following 
numbers  for  the  coefficients  of  expansion  for  a  single  degree : — 

Air 0-003667  Carbonic  acid  ....  0*003710 

Hydrogen 0*003661  Nitrous  oxide    ....  0*003719 

Nitrogen 0*003661  Cyanogen     .    .     .     .     .  0*003877 

Carbonic  oxide  ....  0*003667  Sulphurous  acid    .    .    .  0*003903 

These  numbers,  with  which  the  results  obtained  by  Magnus  closely  agree, 
show  that  the  coefficients  of  expansion  of  the  permanent  gases  differ  very 
little ;  but  that  they  are  somewhat  greater  in  the  case  of  the  more  easily 
condensible  gases,  such  as  carbonic  and  sulphurous  acids.  Regnault  has 
further  found  that,  at  the  same  temperature,  the  coefficient  of  expansion  of 
any  gas  increases  with  the  pressure  which  it  supports.  Thus,  while  the 
coefficient  of  expansion  of  air  under  a  pressure  of  no™"**  is  0*003648,  under 
a  pressure  of  3655"""*,  or  nearly  five  atmospheres,  it  is  0003709. 

The  number  found  by  Regnault  for  the  coefficient  of  the  expansion  of  air, 

0*003667,  is  equal  to  ^  ->  ^  nearly ;  and  if  we  take  the  coefficient  of  ex- 
pansion at  0*0036666  ...  it  may  be  represented  by  the  fraction  jJJ^, 
which  is  convenient  for  purposes  of  calculation. 

The  small  difference  in  the  expansibility  of  various  gases  may  be  ascribed 
to  the  circumstance  that  when  a  gas  is  heated  the  relative  positions  of  the 
atoms  in  the  molecules  is  thereby  altered  ;  and  a  certain  amount  of  internal 
work  is  required  for  this,  which  is  different  for  different  gases. 

334.  Air  thermometer. — T\iQ  air  thcnnomcterxs  based  on  the  expansion 
of  air.  When  it  is  used  to  measure  small  differences  of  temperature,  it  has 
the  same  form  as  the  tube  used  by  Gay-Lussac  in  determining  the  expansion 
of  air  (fig.  287),  that  is,  a  capillary  tube  with  a  bulb  at  the  end.  The  re- 
servoir being  filled  with  dry  air,  an  index  of  coloured  sulphuric  acid  is  passed 
into  the  tube  ;  the  apparatus  is  then  graduated  in  Centigrade  degrees  by 
comparing  the  positions  of  the  index  with  the  indications  of  a  mercurial  ther- 
mometer. Of  course  the  end  of  the  tube  must  remain  open  ;  otherwise,  the 
air  above  the  index  condensing  or  expanding  at  the  same  time  as  that  in  the 
bulb,  the  index  would  remain  stationary.  A  correction  must  be  made  at 
each  observation  for  the  atmospheric  pressure. 

When  considerable  variations  of  temperature  are  to  be  measured,  the 
tube  has  a  form  like  that  used  in  Regnault's  experiments  (figs.  288  and  289), 
13y  experiments  made  as  described  in  article  ^33,  P,  P',  H,  H',  and  h  may 
be  found,  and  the  coefficients  n  and  b  being  known,  the  temperature  /  to 
which  the  tube  has  been  raised  is  readily  reduced  from  the  equation  (3). 

Regnault  found  that  the  air  and  the  mercurial  thermometer  agree  up  to 
260°,  but  above  that  point  mercury  expands  relatively  more  than  air.  In 
cases  where  ver>^  high  temperatures  are  to  be  measured,  the  reservoir  is 
made  of  platinum.  The  use  of  an  air  thermometer  is  seen  in  Dulong  and 
l*etit*s  experiment  (322) ;  it  was  by  such  an  apparatus  that  Pouillet  measured 
the  temperature  corresponding  to  the  colours  which  metals  take  when  heated 
in  a  fire,  and  found  them  to  be  as  follows  : — 


-S8S] 

Incipient  red 
DuUred  . 
Cherry  red 


Air  Thermometer. 

525°C.     Dark  orange  . 
700  White     . 

900  Dazzling  white 
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iioo°C. 

1300 

1500 


In  the  measurement  of  high  temperatures  Deville  and  Troost  used  with 
advantage  the  vapour  of  iodine  instead  of  air,  and,  as  platinum  has  been 
found  to  be  permeable  to  gases  at  high  temperatures,  they  employed  porce- 
lam  instead  of  that  metal. 

The  expansion  of  gases  has  been  determined  by  Jolly  by  means  of  a 
form  of  apparatus  which  is  also  a  convenient  form  of  air  thermometer  (fig. 
290).  A  quadrangular  post  rests  on  a  tripod  j  on  one  side 
of  this  post  is  a  graduated  glass  scale,  while  in  the  two 
others  are  grooves  in  which  screw-blocks  A  and  A'  can 
be  slid  up  and  down  and  adjusted  at  any  height. 

A  glass  bulb  a  is  prolonged  in  a  tube  bent  twice,  the 
end  of  which  is  provided  with  a  stopcock,  not  shown  in 
the  figure,  and  in  which  can  be  fitted  a  glass  tube  R  sup- 
ported by  the  block  A.  This  again  is  fitted  to  a  flexible 
india-rubber  tube  at  the  other  end  of  which  is  an  open 
glass  tube  R'  fixed  to  the  block  A'.  This  tube  contains 
mercury. 

The  bulb  a  having  been  filled  with  dry  air,  the  stopcock 
is  closed,  the  tube  R  fixed,  and  the  stopcock  opened. 
The  bulb  a  is  then  immersed  to  the  stem  in  melting  ice, 
and  when  it  is  supposed  that  the  temperature  is  stationar>', 
the  tube  R'  is  moved  up  and  down  until  the  mercury  in 
the  other  limb  is  at  a  mark  S.  The  difference  between 
the  levels  of  the  mercury  at  S  and  at  R'  is  noted.  If  the 
latter  is  higher  the  diflference  is  added  to,  and  if  lower 
subtracted  from,  the  barometric  height  at  the  time,  to  give 
the  pressure  h  in  the  vessel  a. 

The  bulb  a  is  then  placed  in  a  space  at  any  constant 
temperature,  and  the  same  operation  repeated  to  get  the 
pressure  h^.  From  the  ratio  of  the  total  pressures  in  the  two  cases  we 
;?ct  the  coefficient  of  expansion  from  the  formula  h  \  h^  «  i  +  a/  :  i  +  at'. 
By  means  of  this  apparatus  Jolly  found  0'00366957  for  the  value  of  n. 

335.  Sensity  of  rases. — The  relative  density  of  a  gas,  or  its  specific 
^ravity^  is  the  ratio  of  the  weight  of  a  certain  volume  of  the  gas  to  that  of 
the  same  volume  of  air  ;  both  the  gas  and  the  air  being  at  zero  and  under  a, 
pressure  of  760  millimetres. 

In  order,  therefore,  to  find  the  specific  gravity  of  a  gas,  it  is  necessary  to 
determine  the  weight  of  a  certain  volume  of  this  gas  at  a  pressure  of  760 
millimetres,  and  a  temperature  of  zero,  and  then  the  weight  of  the  same 
volume  of  air  under  the  same  conditions.  For  this  purpose  a  large  globe  of 
about  two  gallons'  capacity  is  used,  the  neck  of  which  is  provided  with  a 
stopcock,  which  can  be  screwed  to  the  air-pump.  The  globe  is  first  weighed 
empty,  and  then  full  of  air,  and  afterwards  full  of  the  gas  in  question.  The 
weights  of  the  gas  and  of  the  air  are  obtained  by  subtracting  the  weight  of 
the  exhausted  globe  from  the  weight  of  the  globes  filled,  respectively,  with 


Fig.  290. 
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air  and  gas.  The  quotient,  obtained  by  dividing  the  latter  by  the  former, 
gives  the  specific  gravity  of  the  j;as.  It  is  difficult  to  make  these  determina- 
tions at  the  same  temperature  and  pressure,  and  therefore  all  the  weights  are 
reduced  to  zero  and  the  normal  pressure  of  760  millimetres. 

The  gases  are  dried  by  causing  them  to  pass  through  drying  tubes  before 
they  enter  the  globe,  and  air  must  also  be  passed  over  potash  to  free  it  from 
carbonic  acid.  And  as  even  the  best  air-pumps  never  produce  a  perfect 
vacuum,  it  is  necessary  to  exhaust  the  globe  until  the  manometer  in  each 
case  marks  the  same  pressure. 

The  globe  having  been  exhausted,  dried  air  is  allowed  to  enter,  and  the 
process  is  repeated  several  times  until  the  globe  is  perfectly  dried.  It  is 
then  finally  exhausted  until  the  residual  pressure,  in  millimetres,  is  e.  The 
weight  of  the  exhausted  globe  is  /.  Air,  which  has  been  dried  and  purified 
by  passing  through  potash  and  chloride  of  calcium  tubes,  is  then  allowed  to 
enter  slowly.  The  weight  of  the  globe  full  of  air  is  P.  If  H  is  the  baro- 
metric height  in  millimetres,  and  /°  the  temperature  at  the  time  of  weighing, 
P  ~p  is  the  weight  of  the  air  in  the  globe  at  the  temperature  /,  and  the  pressure 
n-e. 

To  reduce  this  weight  to  the  pressure  760  millimetres  and  the  tempera- 
ture zero,  let  a  be  the  coefficient  of  the  expansion  of  air,  and  h  the  coefficient 
of  the  cubical  expansion  of  glass.     From  Boyle's  law  the  weight,  which  is 

V—p  at  /°  and  a  pressure  of  H  -«',  would  be  ^  .~^l1—.   under  the  pressure 

H  —  t' 

760  millimetres  and  at  the  same  temperature  /°.  If  the  temperature  is  o**, 
the  capacity  of  the  globe  will  diminish  in  the  ratio  i  +5/  to  1,  while  the 
weight  of  the  gas  increases  in  the  ratio  i  :  i  +  a/,  as  follows  from  the  pro- 
blems in  art.  332.  Consequently,  the  weight  of  the  air  in  the  globe  at  o^and 
at  the  pressure  760  millimetres  will  be 

(P-^)     760  (I  ^«/)^ (,. 

^       ^\n-e)  (i+d/)  •     •     ^  ^ 

Further,  let  a  be  the  coefficient  of  expansion  of  the  gas  in  question ;  let 
P'  be  the  weight  of  the  globe  full  of  gas  at  the  temperature  t  and  the  pres- 
sure H',  and  let  p'  be  the  weight  of  the  globe  when  it  is  exhausted  to  the 
pressure  e ;  the  weight  of  the  gas  in  the  globe  at  the  pressure  760  and  the 
temperature  zero  will  be 

Dividing  the  latter  formula  by  the  former  we  obtain  the  density 

^^  {?'-p')  (H-^)(I-^ar)(^+a/) 
(V-p)  (H'-f)  (i+a/)  (i+aO 

If  the  temperature  and  the  pressure  do  not  vary  during  the  experiment, 
H  =  H'and/  =  /';  whence  D=  ^?lz£ULllI}^andi{ a^a\  D--^ll^'. 

336.    Keirnaiilt*s   metbod   of  determinioir  tlie  density   of  grases. — 

Regnault  so  modified  the  above  method  that  many  of  the  corrections  may 


be  dispensed  with.  The  globe  tti  which  the  gas  is  weighed  is  suspiended 
from  twie  pan  of  a  balance,  and  is  counterpoised  by  means  of  a  second  globe 
of  the  same  dimensions,  and  hermetically  sealed,  suspended  from  the  other. 
These  two  globet,  expanding  at  the  same  lime,  always  displace  the  same 
quantity  of  air,  and  consequently  variations  in  the  temperature  and  pressure 
uf  the  atmosphere  do  not  influence  the  weighing.  The  globe,  too,  is  filled 
with  the  air  or  with  the  gas,  at  the  temperature  uf  zero.  This  is  etfecled  by 
placing  it  in  a  vessel  full  of  ice,  as  shown  in  tig.  291.  It  is  then  connected 
wirh  a  three-way  cock,  A.  hy  which  it  may  be  connected  either  with  an  air- 
pump,  or  with  ihe  tubes  M  and  N,  which  are  connected  with  the 
of  gas.  The  tubes  M  and  N  contain  substances  which  by  their  s 
ifae  gas  dry  and  also  purify  ii. 

The  stopcock  A  being  so  turned  that  the  globe  is  only  connected  with 
the  air-pump,  a  vacuum  is  produced  ;  by  means  of  the  same  cock,  the  con- 
nection with  Ihe  pump  being  cut  oR",  but  established  between  M  and  N, 
the  gas  soon  611s  the  globe.  But  as  the  exhaustion  could  not  have  been 
(tiinplete,  and  some  air  must  have  been  left,  the  globe  is  again  exhausted 
and  ibe  gas  allowed  to  enter,  and  the  process  is  repeated  until  it  is  thou<;ht 


*ll  air  is  removed.     The  vacuum  lieing  once  more  produced,  a  differential 

'>«ron»*tet  ;fig.  140),  connected  with  the  apparatus  by  the  tube  E,  i 

'he  prenure  of  ihe  residual  rarefied  gas  f.     Closing  the  cock  B  and  de- 

ttching  A,  the  globe  is  removed  from  the  ice,  and  after  being  cleaned  is 

■riBhcd. 

This  gives  the  weight  of  the  empty  globe/  ;  it  is  again  replaced  in  the 
ice,  ihe  stopcock  A  adjusted,  and  the  gas  allowed  to  enter,  care  being  taken 
lo  \tave  the  stopcocks  open  long  enough  to  allow  the  gas  in  the  globe  10 
JrquifC  the  pressure  of  the  atmosphere,  H,  uhich  is  marked  by  the  baro- 
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meter.    The  stopcock  B  is  then  closed,  A  removed,  and  the  globe  weighed 
with  the  same  precautions  as  before.     This  gives  the  weight  P'  of  the  gas. 

The  same  operations  are  then  repeated  on  this  globe  with  air,  and  two 
corresponding  weights  p  and  P  are  obtained.  The  only  correction  necessary 
is  to  reduce  the  weights  in  the  two  cases  to  the  standard  pressure  by  the 
method  described  in  the  preceding  paragraph.  The  correction  for  tempera- 
ture is  not  needed,  as  the  gas  is  at  the  temperature  of  melting  ice.  The 
ratio  of  the  weight  of  the  gas  to  that  of  the  air  is  thus  obtained  by  the 
formula 

p-/ 

2tyj.  Senslty  of  ipases  wliioli  attack  metals. — For  gases  which  attack 
the  ordinary  metals,  such  as  chlorine,  a  metal  stopcock  cannot  be  used,  and 
vessels  wth  ground-glass  stoppers  are  substituted.  The  gas  is  introduced 
by  a  bent  glass  tube,  the  vessel  being  held  either  upright  or  inverted,  accord- 
ing as  the  gas  is  heavier  or  lighter  than  air  ;  when  the  vessel  is  supposed  to 
be  full,  the  tube  is  withdrawn,  the  stopper  inserted,  and  the  weight  taken. 
This  gives  the  weight  of  the  vessel  and  gas.  If  the  capacity  of  the  vessel 
be  measured  by  means  of  water,  the  weight  of  the  air  which  it  contains  is 
deduced,  for  the  density  of  air  at  o^  C.  and  760  millimetres  pressure  is  ^^^ 
that  uf  distilled  water  under  the  same  circumstances.  The  weight  of  the 
vessel  full  of  air,  less  the  weight  of  the  contained  air,  gives  the  weight  of  the 
vessel  itself.  From  these  three  data — the  weight  of  the  vessel  full  of  the  gas, 
the  weight  of  the  air  which  it  contains,  and  the  weight  of  the  vessel  alone — 
the  spccitic  gravity  of  the  gas  is  readily  deduced,  the  necessary  corrections 
being  made  for  temperature  and  pressure. 

Density  of  gtises  at  zero  and  at  a  pressure  of  760  millimetres^  that  of  air 

being  taken  as  unity. 


Air        .         .         .         . 

I  0000 

Sulphuretted  hydrogen 

11912 

Hydrogen     . 

00693 

Hydrochloric  acid 

I -2  540 

Ammoniacal  gas  . 

.     0-5367 

Protoxide  of  nitrogen  . 

1-5270 

Marsh  gas    . 

.     05590 

Carbonic  acid 

.     1-5291 

Carbonic  oxide 

.     0-9670 

Cyanogen 

.     18600 

Nitrogen 

.     09714 

Sulphurous  acid    . 

•     2*2474 

Binoxide  of  nitrogen 

I  -0360 

Chlorine 

.     3-4400 

Oxygen 

•     1*1057 

Hydriodic  acid     . 

.     4-4430 

Regnault  made  the  following  determinations  of  the  weight  of  a  litre  of 
the  most  important  gases  at  0°  C.  and  760  mm.  : — 


Air. 

Oxygen  . 
Hydrogen 


1*293187  grms.     Nitrogen 
1-429802     „  Carbonic  acid . 

0-089578 


» 


1-256157  grms. 
1-977414 


» 


»» 
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CHAPTER  V. 


CHANGES  OF  CONDITION.      VAPOUR. 


338.  FfLslon.  Zts  laws. — The  only  phenomena  of  heat  with  which  we 
have  hitherto  been  engaged  have  been  those  of  expansion.  In  the  case  of 
solids  it  is  easy  to  see  that  this  expansion  is  limited.  For  in  proportion  as 
a  body  absorbs  a  larger  quantity  of  heat,  the  vis  viva  of  the  molecules  is 
inaeased,  and  ultimately  a  point  is  reached  at  which  the  molecular  attraction 
is  not  sufficient  to  retain  the  body  in  the  solid  state.  A  new  phenomenon  is 
then  produced  ;  melting  ox  fusion  takes  place  ;  that  is,  the  body  passes  from 
the  solid  into  the  liquid  state. 

Some  substances,  however,  such  as  paper,  wood,  wool,  and  certain  salts, 
do  not  fuse  at  a  high  temperature,  but  are  decomposed.  Many  bodies  have 
long  been  considered  refractory — that  is,  incapable  of  fusion  ;  but,  in  pro- 
portion as  it  has  been  possible  to  produce  higher  temperatures,  their  number 
has  diminished.  Gaudin  succeeded  in  fusing  rock  crystal  by  means  of  a 
lamp  fed  by  a  jet  of  oxygen  ;  and  Despretz,  by  combining  the  effects  of  the 
sun,  the  voltaic  battery,  and  the  oxy-hydrogen  blow-pipe,  melted  alumina 
and  magnesia,  and  softened  carbon  so  as  to  be  flexible,  which  is  a  condition 
near  that  of  fusion. 

It  has  been  found  experimentally  that  the  fusion  of  bodies  is  governed  by 
the  two  following  laws  : — 

I.  Every  substance  begins  to  fuse  at  a  certain  temperature^  which  is 
invariable  for  each  substance^  if  the  pressure  be  constant. 

II.  Whatever  be  the  intensity  of  the  source  of  heat ^  from  the  moment 
fusion  begins^  the  temperature  of  the  body  ceases  to  risc^  and  remains  con- 
itant  until  the  fusion  is  complete. 

Melting-points  of  certain  substances. 


.Mercury 

.        .-38-8^ 

Rose's  fusible  meta! 

94 

Oil  of  Turpentine    . 

.-27 

Sulphur  .         .         .         . 

114 

liromine 

.-12*5 

Tin 

228 

Ice. 

0 

Bismuth  . 

264 

Butter    . 

.  +  33 

Cadmium 

321 

Phosphorus     . 

.     44 

Lead 

335 

Spermaceti     . 

•     49 

Zinc 

422 

Potassium 

•     55 

Antimony 

450 

Mar;^aric  acid 

.     57 

Silver 

954 

•Stearine 

.     60 

Gold 

i<535 

White  wax      . 

.     65 

Copper     . 

1054 

Wood's  fusible  metal 

.     68 

Iron 

1500 

•Stearic  acid    . 

•     70 

Platinum 

Sodium .        .        .        . 

.     90 

Iridium    , 

• 

■ 
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Some  substances  pass  from  the  solid  to  the  liquid  state  without  showi'J^ 
any  defmite  mchini^-point ;  for  example,  glass  and  iron  become  gradua^'y 
softer  and  softer  when  heated,  and  pass  by  imperceptible  stages  froni  ^''^ 
solid  to  the  licjuid  condition.     This  intermediate  condition  is  spoken  o(  ^* 
the  state  of  vitreous  fusion.     Such  substances  may  be  said  to  melt  at  tn^ 
lowest  temperature  at  which  perceptible  softening  occurs,  and  to  be  ful'y 
melted  when  the  further  elevation  of  temperature  does  not  make  them  mor^ 
tUiid  ;  but  no  precise  temperature  can  be  given  as  their  melting  points. 

The  determination  of  the  melting  point  of  a  body  is  a  matter  of  consider' 
able  importance  in  fixing  the  identity  of  many  chemical  compounds,  andi^ 
moreover  a  point  of  frequent  practical  application  in  determining  the  com' 
mercial  value  of  tallow  and  other  fats. 

It  is  done  as  follows  :  -A  portion  of  the  substance  is  melted  in  a  watch- 
glass,  and  a  small  quantity  of  it  sucked  into  a  fine  capillary  tube,  the  end  of 
which  is  then  sealed.  This  tube  is  then  placed  in  a  bath  of  clear  water  in 
which  is  a  thermometer,  and  the  temperature  of  the  bath  is  gradually  raised 
until  the  substance  is  completely  melted,  which  from  its  small  mass  is  very 
easily  observed.  The  bath  is  then  allowed  to  cool,  and  the  solidifying  point 
noted  ;  and  the  mean  of  the  two  is  taken  as  the  true  melting-point. 

339.  ZnHuenoe  of  pressure  on  tlie  melttnir-polnt. — Thomson  and 
Clausius  have  deduced  from  the  principles  of  the  mechanical  theory  of  heat 
that,  with  an  increase  of  pressure,  the  melting-point  of  a  body  must 
be  raised.  All  bodies  which  expand  on  passing  from  the  solid  to 
the  liquid  stale  have  to  perform  external  work— namely,  to  raise 
the  pressure  of  the  atmosphere  by  the  amount  of  this  expansion. 
I'nder  ordinary  circumstances,  the  amount  of  external  work  which 
solids  and  liijuids  thus  perform  is  so  small  that  it  may  be  neglected. 
Hut  if  the  external  pressure  be  increased,  the  power  of  overcoming 
it  can  only  be  obtained  by  an  increase  of  vis  viva  of  the  molecules. 
This  increase  <*an  do  more  work  ;  the  temperature  of  fusion  as  well 
as  the  heat  of  fusion  are  both  increased.  Hunsen  examined  the 
inlluence  of  i)ressure  on  the  melting-point  by  means  of  the  ap- 
I)aratus  represented  in  fig.  292,  in  which  acb  is  a  thick  tube  about 
ill  the  thi<'kness  f)f  a  straw  in  the  clear,  in  the  parts  ca  and  the  bent 
part  b.  The  whole  tube  having  been  filled  with  mercur>',  it  was 
sealed  at  //,  and  then  a  small  quantity  was  driven  out  at  b  and  some 
of  the  substance  introduced  ;  the  end  b  was  then  sealed  and  a 
opened,  and  the  whole  tube  gently  warmed  so  as  to  expel  some 
mercury,  upon  which  a  was  again  hermetically  sealed. 

When  the  tube  was  placed  in  a  bath  of  warm  water  a  little  above 
the  nu'ltin'^-point  of  the  body,  the  mercury  expanded  and  a  pres- 
sure resulted  which  could  be  accurately  measured  from  the  diminu- 
tion in  volume  of  the  air  in  ca^  which  was  carefully  calibrated  for 
this  purpose.  Hy  carefully  raising  or  lowering  the  instrument  in 
thr  water,  the  ])ressure  could  be  increased  or  diminished  at  will.  It  only 
then  irmained  to  observe  the  temperature  at  which  the  substance  solidi- 
tieil  and  the  corresponding  pressure  at  that  moment.  In  this  way  Bunsen 
louud  that  spermaceti,  which  melts  at  48^  under  a  pressure  of  i  atmosphere, 
uwltM  at    m'*  under  a  pressure  of  156  atmospheres.     Hopkins  found  that 


^ii.', 


-•41]  Latent  Heat,  289 

spermaceti  melted  at  60°  under  a  pressifre  of  519  atmospheres,  aYid  at  80^ 
under  792  atmospheres  ;  the  melting  point  of  sulphur  under  these  pressures 
was  respectively  135**  and  141®. 

But  in  the  case  of  those  bodies  which  contract  on  passing  from  the  solid 
to  the  liquid  state,  and  of  which  water  is  the  best  example,  the  reverse  is 
the  case.  Melting  ice  has  no  external  work  to  perform,  since  it  has  no 
external  pressure  to  raise ;  on  the  contrary,  in  melting,  it  assimilates  ex- 
ternal work,  which,  transformed  into  heat,  renders  a  smaller  quantity  of  heat 
wccssary  ;  the  external  work  acts  in  the  same  direction  as  the  internal  heat 
-namely,  in  breaking  up  the  crystalline  aggregates.  Yet  these  differences 
of  temperature  must  be  but  small,  for  the  molecular  forces  in  solids  prepon- 
<lerate  far  over  the  external  pressure ;  the  internal  work  is  far  greater  than 
the  external. 

Sir  W.  Thomson  found  that  pressures  of  8*i  and  i6*8  atmospheres 
towered  the  melting  point  of  ice  by  0*059®  and  0*126®  respectively.  These 
results  justify  the  theoretical  previsions  of  Prof.  J.  Thomson,  according  to 
which  an  increase  of  pressure  of  n  atmospheres  lowers  the  melting  point  of 
ice  by  0*0074/1**  C. 

340.  Alloys,  riuxes. — Alloys  are  generally  more  fusible  than  any  of 
the  metals  of  which  they  are  composed  ;  for  instance,  an  alloy  of  five  parts 
of  tin  and  one  of  lead  fuses  at  194®.  .The  alloy  known  as  Rosens  fusible 
*rfii/,  which  consists  of  4  parts  of  bismuth,  i  part  of  lead,  and  i  of  tin,  melts 
at  94*,  and  an  alloy  of  i  or  2  parts  of  cadmium  with  2  parts  of  tin,  4  parts  of 
lead,  and  7  or  8  parts  of  bismuth,  known  as  Wood^s  fusible  metal,  melts 
|>etwcen  66®  and  71®  C.  Fusible  alloys  are  of  extended  use  in  soldering  and 
in  taking  casts.  Steel  melts  at  a  lower  temperature  than  iron,  though  it 
contains  carbon,  which  is  almost  completely  infusible. 

Mixtures  of  the  fatty  acids  melt  at  lower  temperatures  than  the  pure  acids. 
A  mixture  of  the  chlorides  of  potassium  and  of  sodium  fuses  at  a  lower  tem- 
perature than  either  of  its  constituents  ;  the  same  is  the  case  with  a  mixture 
of  the  carbonates  of  potassium  and  sodium,  especially  when  they  are  mixed 
in  the  proportion  of  their  chemical  equivalents. 

An  application  of  this  property  is  met  with  in  the  case  o{  fluxes,  which 
are  much  used  in  metallurgical  operations.  They  consist  of  substances 
which,  when  added  to  an  ore,  partly  by  their  chemical  action,  help  the  reduc- 
tion of  the  substance  to  the  metallic  state,  and,  partly,  by  presenting  a 
readily  fusible  medium,  promote  the  formation  of  a  regulus. 

341-  latent  lieat. — Since,  during  the  passage  of  a  body  from  the  solid 
to  the  liquid  state,  the  temperature  remains  constant  until  the  fusion  is  com- 
plete, whatever  be  the  intensity  of  the  source  of  heat,  it  must  be  concluded 
that,  in  changing  their  condition,  bodies  absorb  a  considerable  amount  of 
lieat,  the  only  effect  of  which  is  to  maintain  them  in  the  liquid  state.  This 
heat,  which  is  not  indicated  by  the  thermometer,  is  called  latent  heat  or 
l^ent  heat  of  fusion,  Tca  expression  which,  though  not  in  strict  accordance 
with  modem  ideas,  is  convenient  from  the  fact  of  its  universal  recognition 
and  employment  (461). 

An  idea  of  what  is  meant  by  latent  heat  may  be  obtained  from  the  fol- 
lowing experiment  : — If  a  pound  of  water  at  80®  is  mixed  with  a  pouni* 
water  at  zero,  the  temperature  of  the  mixture  is  40®.    But  if  a  pouiM 
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pounded  ice  at  zero  is  mixed  with  a  pound  of  water  at  80^,  the  ice  melts  aiM 
two  pounds  of  water  at  zero  are  obtained.  Consequently,  the  mere  cfaang) 
of  a  pound  of  ice  to  a  pound  of  water  at  the  same  temperature  require 
as  much  heat  as  will  raise  a  pound  of  water  through  8o^  This  quantit; 
of  heat  represents  the  latent  heat  of  the  fusion  of  ice,  or  the  latent  heat  o 
water. 

Every  liquid  has  its  own  latent  heat,  and  in  the  chapter  on  Calorimetr 
we  shall  show  how  this  is  determined. 

342.  Bolntioii. — A  body  is  said  to  dissolve  when  it  becomes  liquid  in  con 
sequence  of  an  affinity  between  its  molecules  and  those  of  a  liquid.  Gun 
arabic,  sugar,  and  most  salts  dissolve  in  water.  The  weight  dissolved  geoe 
rally  increases  with  the  temperature.  When  a  liquid  has  dissolved  as  mucl 
as  it  can  at  a  particular  temperature  it  is  said  to  be  saturated. 

During  solution,  as  well  as  during  fusion,  a  certain  quantity  of  heat  alway 
becomes  latent,  and  hence  it  is  that  the  solution  of  a  substance  usually  pro 
duces  a  diminution  of  temperature.  In  certain  cases,  however,  instead  0 
the  temperature  being  lowered,  it  actually  rises,  as  when  caustic  potash  i 
dissolved  in  water.  This  depends  upon  the  fact  that  two  simultaneau 
and  contrary  phenomena  are  produced.  The  first  is  the  passage  from  th< 
solid  to  the  liquid  condition,  which  always  lowers  the  temperature.  Th< 
second  is  the  chemical  combination  of  the  body  dissolved  with  the  liquid 
and  which,  as  in  the  case  of  all  chemical  combinations,  produces  an  increase 
of  temperature.  Consequently,  as  the  one  or  the  other  of  these  effects  pre 
dominates,  or  as  they  are  equal,  the  temperature  either  rises  or  sinks,  o 
remains  constant. 

343.  Bolldlllcatioii. — Solidification  or  congelation  is  the  passage  of  i 
body  from  the  liquid  to  the  solid  state.  This  phenomenon  is  regulated  b; 
the  two  following  laws  : — 

I.  Every  body^  under  the  same  pressure^  solidifies  at  a  fixed  temperatun 
which  is  the  same  as  that  of  fusion, 

II.  From  the  commencement  to  the  end  of  the  solidification^  the  tempera 
ture  of  a  liquid  remains  constant. 

Certain  bodies,  more  especially  some  of  the  fats,  present  an  exception  t 
the  first  law,  in  so  far  that  by  repeated  fusions  they  seem  to  undergo  , 
molecular  change  which  alters  their  melting  point. 

The  second  law  is  the  consequence  of  the  fact  that  the  latent  heat  ab 
sorbed  during  fusion  becomes  free  at  the  moment  of  solidification. 

Many  liquids,  such  as  alcohol,  ether,  and  bisulphide  of  carbon,  do  no 
solidify  even  at  the  lowest  known  temperature.  Despretz,  by  the  cold  pro 
duced  by  a  mixture  of  liquid  protoxide  of  nitrogen,  solid  carbonic  acid,  an< 
ether,  reduced  alcohol  to  such  a  consistence  that  the  vessel  containing  i 
could  be  inverted  without  losing  the  liquid. 

344.  Crystallisation. — Generally  speaking,  bodies  which  pass  slowl; 
from  the  liquid  to  the  solid  state  assume  regular  geometrical  forms,  such  a 
the  cube,  prisms,  rhombohedra,  &c. ;  these  are  called  crystals.  If  the  crys 
tals  are  formed  from  a  body  in  fusion,  such  as  sulphur  or  bismuth,  th 
crystallisation  is  said  to  take  place  by  the  dry  way.  The  crystallisation  i 
said  to  be  by  the  moist  way  when  it  takes  place  owing  to  the  slow  evapo 
ration  of  a  solution  of  a  salt,  or  when  a  solution  saturated  at  a  highe 
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tempentare,  is  allowed  to  cool  slowly.    Snow,  ice,  and  many  salts  present 
'examples  of  crystallisation. 

345.  B«tsrdmttoii  of  the  point  of  solidilleatiosi* — The  freezing  point  of 
pure  water  can  be  diminished  by  several  degrees,  if  the  water  be  previously 
freed  from  air  by  boiling  and  be  then  kept  in  a  perfectly  still  place.  In  fact, 
it  may  be  cooled  to  -  1 5®  C,  and  even  lower,  without  freezing.  But  when 
it  is  slightly  agitated,  the  liquid  at  once  solidifies.  This  may  be  conveniently 
shown  by  means  of  the  apparatus  represented  in  fig.  293,  which  consists  of 
a  delicate  thermometer  round  the  bulb  of  which  is  a  wider  one  con- 
taining some  water.  Before  sealing  at  a  the  whole  outside  bulb 
was  filled  with  water,  which  was  then  boiled  out  and  sealed  so  that 
over  the  water  the  space  is  quite  empty. 

The  vessel  is  placed  in  snow  at  d*  and  then  in  alcohol  cooled 
to  -6**  or  —8**.  The  thermometer  sinks  a  few  degrees,  but  at  once 
rises  to  zero  when  the  water  in  the  bulb  solidifies.  The  smaller  the 
quantity  of  liquid,  the  lower  the  temperature  to  which  it  can  be 
cooled,  and  the  greater  the  mechanical  disturbance  it  supports 
without  freezing.  Foumet  has  observed  the  frequent  occurrence  of 
ousts  formed  of  particles  of  liquid  matter  suspended  in  an  atmo- 
sphere whose  temperature  was  10**  or  even  15°  below  zero. 

A  very  rapid  agitation  also  prevents  the  formation  of  ice.  The 
same  is  the  case  with  all  actions  which,  hindering  the  molecules  in 
their  movements,  do  not  permit  them  to  arrange  themselves  in  the 
conditions  necessary  for  the  solid  state.  Despretz  was  able  to 
lower  the  temperature  of  water  contained  in  fine  capillary  tubes 
to  -20°  without  their  solidifying.  This  experiment  shows  how  it  is 
that  plants  in  many  cases  do  not  become  frozen,  even  during  severe 
^Idf  as  the  sap  is  contained  in  very  fine  capillary  vessels.  Finally, 
Mousson  found  that  a  powerful  pressure  not  only  retards  the 
freezing  of  water,  but  prevents  its  complete  solidification.  In  this 
case  the  pressure  opposes  the  tendency  of  the  water  to  expand  on 
freezing,  and  thus  virtually  lowers  the  point  of  solidification. 

If  water  contains  salts,  or  other  foreign  bodies,  its  freezing 
point  is  lowered.  Sea  water  freezes  at  —2*5°  to  -3°  C. ;  the  ice 
which  forms  is  quite  pure,  and  a  saturated  solution  remains.  In 
Finland,  advantage  is  taken  of  this  property  to  concentrate  sea 
water  for  the  purpose  of  extracting  salt  from  it.  If  water  con-  '***^3* 
tains  alcohol,  precisely  analogous  phenomena  are  observed  ;  the  ice  formed 
is  pure,  and  practically  all  the  alcohol  is  contained  in  the  residue. 

Dufour  has  observed  some  very  curious  cases  of  liquids  cooled  out  of 
contaa  with  solid  bodies.  His  mode  of  experimenting  was  to  place  the 
liquid  in  another  of  the  same  specific  gravity  but  of  lower  melting  point, 
and  in  which  it  is  insoluble.  Drops  of  water,  for  instance,  suspended  in  a 
mixture  of  chloroform  and  oil,  usually  solidified  between  —  4°  and  - 1 2°, 
while  still  smaller  globules  cooled  down  to  —  1 8°  or  -  20°.  Contact  with 
a  fragment  of  ice  immediately  set  up  congelation.  Globules  of  sulphur 
>hich  solidifies  at  115^  remained  liquid  at  40^  ;  and  globules  of  phosphorus 
{solidifying  point  42^)  at  20^ 

When  a  liquid  solidifies  after  being  cooled  below  its  normal  freezi 
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point,  the  solidification  takes  place  very  rapidly,  and  is  accompanied  by  a 
disengagement  of  heat,  which  is  sufficient  to  raise  its  temperature  from  the 
point  at  which  solidification  begins,  up  to  its  ordinary  freezing  point.  This 
is  well  seen  in  the  case  of  hyposulphite  of  sodium,  which  melts  in  its  own 
water  of  crystallisation  at  45^  and  when  carefully  cooled  will  remain  liquid 
at  the  ordinary  temperature  of  the  atmosphere.  If  it  then  be  made  to 
solidify  by  agitation,  or  by  adding  a  small  fragment  of  the  solid  salt,  the  rise 
of  temperature  is  distinctly  felt  by  the  hand.  In  this  case  the  heat  which 
had  become  latent  in  the  process  of  liquefaction,  again  becomes  free,  and  a 
portion  of  the  substance  remains  melted  ;  for  it  is  kept  liquid  by  the  heat  of 
solidification  of  that  which  has  solidified. 

346.  Clianve  of  Tolnme  on  solldllleatioii  and  llqvefiMtton. — The  rate 
of  expansion  of  bodies  generally  increases  as  they  approach  their  melting 
points,  and  is  in  most  cases  followed  by  a  further  expansion  at  tlie  moment 
of  liquefaction,  so  that  the  liquid  occupies  a  greater  volume  than  the  solid 
from  which  it  is  formed.  The  apparatus  represented  in  fig.  294  is  well 
adapted  for  exhibiting  this  phenomenon.  It  consists  of  a  glass 
tube  ab  containing  water  or  some  other  suitable  liquid,  to  which  is 
carefully  fitted  a  cork  with  a  graduated  glass  tube  r.  This  forms,  in 
fact,  a  thennometer,  and  the  values  of  the  degrees  on  the  tube  c 
arc  determined  in  terms  of  the  capacity  of  the  whole  apparatus.  A 
known  volume  of  the  substance  is  placed  in  the  tube  aa  and  the 
cork  inserted  ;  the  apparatus  is  then  placed  in  a  space  at  a  known 
temperature  ver>'  little  below  the  melting  point  of  the  body  in 
question,  until  it  has  ac  uired  its  temperature,  and  the  p>osition  of 
the  liquid  in  c  is  noted.  The  temperature  is  then  allowed  to  rise 
slowly,  and  the  position  noted  when  the  melting  is  complete. 
Knowing  then  the  difference  in  the  two  readings  and  the  volume  of 
the  substance  under  experiment,  and  making  a  correction  for  the 
expansion  of  the  liquid  and  of  the  glass,  it  is  easy  to  deduce  the 
increase  due  to  the  melting  alone.  Phosphorus,  for  instance, 
increases  about  3*4  per  cent,  on  liquefaction  ;  that  is,  100  volumes 
of  solid  phosphorus  at  44°  (the  melting  point)  become  103-4  at  the 
same  temperature  when  melted.  Sulphur  expands  about  5  per 
cent,  on  liquefying,  and  stearic  acid  about  1 1  per  cent. 

Water  presents   a  remarkable  exception ;  it  expands  at  the 

moment  of  solidifying,  or  contracts  on  melting,  by  about  10  per 

n^m     cent.     One  volume  of  ice  at  0°  gives  0*9178  of  water  at  o®,  or  i 

volume  of  water  at  0°  gives  rio2  of  ice  at  the  same  temperature. 

Fig.  294.     In  consequence  of  this  expansion,  ice  floats  on  the  surface  of  water. 

According  to  Dufour,  the  specific  gravity  of  ice  is  0*9178  ;  Bunsen  found  for 

ice  which  had  been  freed  from   water  by  boiling  the  somewhat  smaller 

number  0*91674. 

The  increase  of  volume  in  the  formation  of  ice  is  accompanied  by  an 
expansive  force  which  sometimes  produces  powerful  mechanical  effects,  of 
which  the  bursting  of  water-pipes  and  the  breaking  of  jugs  containing  water 
are  familiar  examples.  The  splitting  of  stones,  rocks,  and  the  swelling  up 
of  moist  ground  during  frost,  are  caused  by  the  fact  that  water  penetrates 
into  the  pores  and  there  becomes  frozen  ;  in  short,  the  great  expansion  of 
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water  on  freezing  is  the  most  active  and  powerful  agent  of  disintegration  on 
the  earth's  surface. 

The  expansive  force  of  ice  was  strikingly  shown  by  some  experiments  of 
Major  Williams,  in  Canada.  Having  quite  filled  a  13-inch  iron  bomb-shell 
with  water,  he  firmly  closed  the  touch-hole  with  an  iron  plug  weighing  three 
pounds  and  exposed  it  in  this  state  to  the  frost.  After  some  time  the  iron 
plug  was  forced  out  with  a  loud  explosion,  and  thrown  to  a  distance  of  415 
feet,  and  a  cylinder  of  ice  8  inches  long  issued  from  the  opening.  In 
another  case  the  shell  burst  before  the  plug  was  driven  out,  and  in  this  case 
a  sheet  of  ice  spread  out  all  round  the  crack.  It  is  probable  that  under  the 
great  pressure  some  of  the  water  still  remained  liquid  up  to  the  time  at 
which  the  resistance  was  overcome  ;  that  it  then  issued  from  the  shell  in  a 
liquid  state,  but  at  a  temperature  below  0°,  and  therefore  instantly  began 
to  solidify  when  the  pressure  was  removed,  and  thus  retained  the  shape  of 
the  orifice  whence  it  issued. 

Cast-iron,  bismuth,  and  antimony  expand  on  solidifying,  like  water,  and 
can  thus  be  used  for  casting  ;  but  gold,  silver,  and  copper  contract,  and 
Itence  coins  of  these  metals  cannot  be  cast,  but  must  be  stamped  with  a 
die 

347*  Vre^sinv  mixtures. — The  absorption  of  heat  in  the  passage  of 
Wies  from  the  solid  to  the  liquid  state  has  been  used  to  produce  artificial 
cold.  This  is  effected  by  mixing  together  bodies  which  have  an  affinity  for 
each  other,  and  of  which  one  at  least  is  solid,  such  as  water  and  a  salt,  ice 
and  a  salt,  or  an  acid  and  a  salt.  Chemical  affinity  accelerates  the  fusion  : 
the  portion  which  melts,  robs  the  rest  of  the  mixture  of  a  large  quantity  of 
sensible  heat,  which  thus  becomes  latent.  In  many  cases  a  very  consider- 
able diminution  of  temperature  is  produced. 

The  following  table  gives  the  names  of  the  substances  mixed,  their  pro- 
Portions,  and  the  corresponding  diminutions  of  temperature  : — 


Substances 

Sulphate  of  sodium 
Hydrochloric  acid 
Pounded  ice  or  snow 
Common  salt 
Sulphate  of  sodium 
Dilute  nitric  acid     . 
Sulphate  of  sodium 
Nitrate  of  ammonium 
Dilute  nitric  acid     . 
Phosphate  of  sodium 
Dilute  nitric  acid    . 


If  the  substances  taken  be  themselv 


Parts 

f  weight 

8( 

5l 

=  i 

I  1 

3( 

->  1 

—    I 

^1 

5 

4I 

!1 

Reduction  of 
temperature 

.  +10°  to- 17° 
.  +10°  to- 18^ 
.     +10°  to- 19° 

.      +10°  to- 26° 
.      +10'' to -29® 


es  first  previously  cooled  down,  a  still 
"^orc  considerable  diminution  of  temperature  is  occasioned. 

Freezing  mixtures  are  frequently  used  in  chemistry,  in  physics,  and  in 
domestic  economy.  One  form  of  the  portable  ice-making  machines  which 
have  come  into  use  during  the  last  few  years  consists  of  a  cylindrical 
'nctallic  vessel  divided  into  four  concentric  compartments.     In  the  central 
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one  is  placed  the  water  to  be  frozen;  in  the  next  there  is  the  freezing 
mixture,  which  usually  consists  of  sulphate  of  sodium  and  hydrochloric  acid  ; 
6  pounds  of  the  former  and  5  of  the  latter  will  make  5  to  6  pounds  of  ice  in 
an  hour.  The  third  compartment  also  contains  water,  and  the  outside  one 
contains  some  badly-conducting  substance,  such  as  cotton,  to  cut  off  the 
influence  of  the  external  temperature.  The  best  effect  is  obtained  when 
pretty  large  quantities  (2  or  3  pounds)  of  the  mixture  are  used,  and  when 
they  are  intimately  mixed.  It  is  also  advantageous  to  use  the  machines  for 
a  series  of  successive  operations. 

348.  antliiie*s  researolies. — It  appears  from  recent  experiments  of 
Guthrie,  that  what  are  called  freezing  mixtures  may  be  divided  into  two 
classes,  namely  those  in  which  one  of  the  constituents  is  liquid  and  those  in 
which  both  are  solid.  The  temperature  indicated  by  the  thermometer  placed 
in  a  freezing  mixture  is,  of  course,  due  to  the  loss  of  heat  by  the  thermometer 
to  the  liquefying  freezing  mixture,  and  is  measured  by  the  rate  of  such  loss. 
The  quantity  of  heat  absorbed  by  the  freezing  mixture  is  obviously  the  heat 
required  to  melt  the  constituents,  together  with  ( + )  the  heat  of  combination 
of  the  constituents.  When  one  constituent  is  liquid,  as  when  hydrochloric 
acid  is  added  to  ice,  then  a  lowertemperatureisgotby  previously  cooling  the 
hydrochloric  acid.  There  is  no  advantage  in  cooling  the  ice.  But  when 
both  constituents  are  solid,  as  in  the  case  of  the  ice-salt  freezing  mixture, 
there  is  no  advantage  to  be  gained  by  cooling  one  or  both  constituents. 
Within  very  wide  limits  it  is  also  in  the  latter  case  a  matter  of  indifference 
as  to  the  ratio  between  the  constituents.  Nor  does  it  matter  whether  the 
ice  be  finely  powdered  as  snow  or  in  pieces  as  large  as  a  pea. 

The  different  powers  of  various  salts  when  used  in  conjunction  with 
ice  as  freezing  mixtures,  appear  to  have  remained  unexplained  until  Guthrie 
showed  that,  with  each  salt,  there  is  always  a  minimum  temperature  below 
which  it  is  impossible  for  an  aqueous  solution  of  any  strength  of  that  salt  to 
exist  in  the  liquid  form  ;  that  there  is  a  certain  strength  of  solution  for  each 
salt  which  resists  solidification  the  longest,  that  is,  to  the  lowest  temperature. 
Weaker  solutions  give  up  ice  on  being  cooled,  stronger  solutions  give  up 
the  salt  either  m  the  anhydrous  state  or  in  combination  with  water.  That 
particular  strength  of  a  particular  salt,  which  resists  solidification  to  the 
lowest  temperature,  is  called  by  Guthrie  a  cryohydrate.  It  is  of  such  a 
strength  that  when  cooled  below  0°  C.  it  solidifies  as  a  whole  ;  that  is,  the  ice 
and  the  salt  solidify  together  and  form  crystals  of  constant  composition  and 
constant  melting  and  the  same  solidifying  temperatures.  The  liquid  portion 
of  a  freezing  mixture,  as  long  as  the  temperature  is  at  its  lowest,  is,  indeed, 
a  melted  cryohydrate.  The  slightest  depression  of  temperature  below  this 
causes  solidification  0/  the  cryohydrate,  and  hence  the  temperature  can  never 
sink  below  the  solidifying  temperature  of  the  cr>'ohydrate. 

Guthrie  has  also  shown  that  colloid  bodies,  such  as  gum  and  gelatine, 
neither  raise  the  boiling  point  of  water,  nor  depress  the  solidifying  point,  nor 
can  they  act  as  elements  in  freezing  mixtures. 
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VAPOURS.      MEASUREMENT  OF  THEIR  TENSION. 


349^  ▼^owia. — We  have  already  seen  (146)  that  vapours  are  ihe  aeri- 
fona  fluids  into  which  volatile  substances  such  as  ether,  alcohol,  water,  and 
mCFCory,  are  changed  by  the  absorption  of  heat.  Volatile  liquids  are  those 
which  thus  possess  the  property  of  passing  into  the  aeriform  state,  «aA  fixed 
liquids  those  which  do  not  form  vapours  at  any  temperature  without  under- 
going chemical  decomposition,  such  as  the  fatty  oils.  There  are  many  solids, 
such  as  ice,  arsenic,  camphor,  and  in  general  all  odoriferous  solid  substances, 
which  can  directly  form  vapours  without  first  becoming  liquid. 

Vapours  are  transparent  like  gases,  and  generally  colourless  ;  there  are 
only  a  few  coloured  liquids  which  also  give  coloured  vapours. 

35a  v^OTl»«ttoa. — The  passage  of  a  liquid  into  the  gaseous  state  is 
dcugnated  by  the  general  term  vaporisation  ;  the  term  evaporation  espe- 
cially refen  to  the  slow  production  of  vapour  at  the  free  surface  of  a  liquid, 
and  bmiiHg  10  its  rapid  production  in  the  mass  of  the  liquid  itself.  We  shall 
presently  see  [356)  that  at  the  ordinary  atmospheric  pressure,  ebullition,  like 
Ibsion,  takes  place  at  a  definite  temperature.  This  is  not  the  case  with 
evaporation,  which  takes  place  even  with  the  same  liquid  at  very  different 
lempentures,  although  the  formation  of  a  vapour  seems  to  cease  below  a 
certain  point.  Mercury,  for  example,  gives  no  vapour  below—  10°,  nor  sul- 
pboric  acid  below  30°. 

351.  Btaatlo  foros  of  Tsponr.^Like  gases,  vapours  have  a  certain 
ebjiic  force,  in  virtue  of  which  they  exert  pressures  on  the  sides  of  vessels 
in  which  they  are  contained.  The  elastic  force  of  va- 
pour nuy  be  demonstrated  by  the  following  experi- 
DKnl :— A  quantity  of  mercury  is  placed  in  a  bent  glass 
inbt  (fig.  395),  the  shorter  leg  of  which  is  closed  ;  a  few 
drops  of  ether  are  then  passed  into  the  closed  leg  and 
ilw  tube  immersed  in  a  water  bath  at  a  temperature  of 
about  45°.  The  mercury  then  sinks  slowly  in  the  short 
branch,  and  the  space  ab  is  filled  with  a  gas  which  has 
all  the  appearance  of  air,  and  whose  elastic  force  coun- 
Itibalances  the  pressure  of  the  column  of  mercury  cd, 
and  the  atmospheric  pressure  on  d.  This  gas  is  the 
vapour  of  ether.  H  the  water  be  cooled,  or  if  the  tube 
be  removed  from  the  bath,  the  vapour  which  (ills  the 
qnce  ab  disappears,  and  the  drop  of  ether  is  reproduced, 
't  on  the  contrary,  the  bath  be  heated  still  higher,  the 
level  of  the  mercury  descends  below  i,  indicating  an 
increase  in  the  elastic  force  of  the  vapour. 

351.  VorawtloB  of  wBponr  1b  b  waonam. — In  the 
previous  experiment  the  liquid  changed  very  slowly  into 
ibe  vaporous  condition  ;  the  same  is  the  case  when  a 
liquid  is  freely  exposed  to  the  air.  In  both  cases  the  ■ 
atmosphere  is  an  obstacle  to  the  vaporisation.  In  a 
vacuum  there  is  no  resistance,  and  the  formation  of 
vapoun  is  instantaneous,  as  is  seen  in  the  following  ex- 
periment : — Four  barometer  tubes,  filled  with  mercury,  are  immerse^  •- 
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snme  trough,  fig.  i(fi.  One  of  them.  A,  serves  as  a  barometer,  and 
drops  of  water,  alcohol,  and  ether  are  respectii'ely  intiTxiuced  into  the 
B,  C,  D.  When  the  liquids  reach  the  vacuum,  a  depression  of  the  ID 
is  at  once  produced.  And  as  this  depression  cannot  be  produced 
weight  of  the  liquid,  which  is  an  infinitely  small  fraction  of  the  wei^lt 
displaced  mercury,  it  must  be  due  to  the  formation  of  some  vapour 
elastic  force  has  depressed  the  mercurial  column. 

The  experiment  also  shows  that  (he  depression  is  not  the  same  in  . 
tubes ;  it  is  greater  in  the  case  of  alcohol  than  of  water,  and  greate 
ciher  than  with  alcohoL  We  consequently  obtain  the  two  following  la 
the  formation  of  vapours  : — 

I.  In  a  vacuum  all  volatile  liquids  are  tHstantaneously  converte. 
vapour. 

I I.  At  the  iame  temperature  the  vapours  of  different  liquids  have 
ent  elastic  forces. 

For  example,  at  20°  the  tension  of  ether  vapour  is  25  times  as  gi 
that  of  aqueous  vapour. 

353.  Batorated  Tapoor.     KaxtmtUB  of  tenalon. — When  a  very 
quantity  of  a  volatile  liquid,  such  as  ether,  is  introduced  into  a  bare 
tube,  it  is  at  once  completely  vaporise> 
the  mercurial  column  is  not  depress 


s  full  f 


;  for  if  s 


:  eth 


introduced  the  depressio 
continuing  the  addition  of  ether,  it 
ceases  to  vaporise,  and  remains  ir 
liquid  state.  There  is,  therefore,  for 
tain  temperature,  a  limit  to  the  quani 
vapour  which  can  be  formed  in  a 
space.  This  space  is  accordingly  s. 
be  siitiirated.  Further,  when  the  va|; 
tion  of  the  ether  ceases,  the  depress 
the  mercurial  column  stops.  And 
there  is  a  limit  to  the  tension  of  the  v; 
a  hmit  which,  as  we  shall  present) 
(354)'  varies  with  the  temperature 
which  for  a  given  temperature  is  in. 
dent  0/ the  pressure. 

To  show  thai,  in  a  closed  space,  sati 

with  vapour  and  containing  liquid  in  1 

the  temperature  remaining  constant, 

is  a  mn.xtmum  of  tension  which  the  \ 

cannot    exceed,  a  barometric   tube   is 

which  dips  in  a  deep  bath  (fig.  197). 

^^-  "  tube   is  filled  with  mercury,  and  th 

Fij_  ^  much  ether  is  added  as  to  be  in  exces 

the  Torricellian  vacuum  is  saturated. 

height  of  the  mercurial  column  is  next  noted  by  means  of  the  scale  j 

ated  on  the  tube  itself.     Now,  whether  the  tube  be  depressed,  which 

to  compress  the  vapour,  or  whether  it  be  raised,  which  tends  to  expa 
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29; 

n  of  the  vapnor 


depress! 

diminishes  it.  Hence  it  is  concluded  that  when  the  saluraled  vapour  is 
impressed,  a  portion  reiums  10  the  liquid  state ;  that  when,  on  the  olher 
hind,  the  pressure  is  diminished,  a  portion  of  the  excess  of  liquid  vaporises, 
Md  the  space  occupied  by  the  vapour  is  again  saturated  ;  but  in  both  cases 
the  tension  and  the  density  of  (he  vapour  remain  constant, 

J^  HoB-BBtnrBtea  vBpoara.— From  ivhat  has  been  said,  vapours  pre- 
rfiu  two  very  different  Slates,  according  as  Ihey  are  saturated  or  not.  In 
the  first  case,  where  they  are  saturated  and  in  contact  with  the  liquid,  they 
iliflcr  cnmpletely  from  gases,  since  for  .1  given  temperature  they  can  neither  be 
lompressednorexpanded;  their  elastic  force  and  theirdensiiy  remain  constant. 
In  the  second  case,  on  the  contrary,  where  they  are  not  saturated,  they 
"Kily  resemble  gases.  For  if  the  experimcrls  (fig.  297)  be  repealed,  only  a 
small  quantity  of  ether 
twing  introduced,  so  that 
'tt  vapour  is  not  satu- 
iIkI,  and  if  the  lube  be 
then  slightly  raised,  the 
l*'d  of  the  mercury  is 
wn  to  rise,  which  shows 
'tat  the  clastic  force  of 
>)>«  npnur  has  dinii- 
niitiwl.  Similarly,  by 
imnwrsing  the  tube  still 
more,  the  level  of  the 
■wrcuTy  sinks.  The  va- 
PWr  consequently  bc- 
hivn  jusl  as  a  gas  would 
■K  til  tension  diminishes 
■Sen  the  volume  in- 
"«MM,  and  vice  x'trsA  ; 
Mid  as  in  both  cases  the 
Munw  of  the  vapour  is 
invcrMly  as  the  pressure, 
"  it  concluded  that  non- 
•altnttd  vapours  obey 
f<yUi  law. 

When  a  non-salurated 
vapour  is  heated,  lis  vol- 
mne  increases  like  that  of 
a  ;^;  and  the  number 
0-00366,  which  is  the  01- 
effirient  of  the  expansion 

"f  air,  may  be  taken   for  H;..  ..,^.  1  :>  -   ' 

thai  of  vapours. 

Hence  we  see  that  the  physical  properties  of  unsaturated  vapours 
coniparahle  with  those  of  gases,  and  that  the  formuhp  for  the  compressibility 
iind  enpantibilily  of  gases  (183  and  332)  also  apply  to  unsaturated  vapoi 
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355.  Tension  of  agneons  Taponr  below  sere. — In  order  to  measure 
the  elastic  force  of  aqueous  vapour  below  zero,  Gay-Lussac  used  two  baro- 
meter tubes  filled  with  mercury,  and  placed  in  the  same  bath  (fig.  298).  The 
straight  tube  A  serves  as  a  barometer  ;  the  other,  C,  is  bent,  so  that  part  of 
the  Torricellian  vacuum  can  be  surrounded  by  a  freezing  mixture  B  (347). 
When  a  little  water  is  admitted  into  the  bent  tube,  the  level  of  the  mercury 
sinks  below  that  in  the  tube  A,  to  an  extent  which  varies  with  the  tempera- 
ture of  the  freezing  mixture. 


At 
»> 

>» 

»» 
>1 


-  i 

-  5' 

-  f 
-10" 

-20'= 
-30" 


dep 

ression  i 
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4*54  millimetres 
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>i 

.    3-63 

» 

.    311 

» 

.    2-67 

>» 

.    208 

i< 

.    0-84 

99 
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These  depressions,  which  must  be  due  to  the  tension  of  aqueous  vapour 
in  the  space  BC,  show  that  even  at  very  low  tempenitures  there  is  always 
some  aqueous  vapour  in  the  atmosphere. 

Although  in  the  above  experiment  the  part  B  and  the  part  C  are  not 
both  immersed  in  the  freezing  mixture,  we  shall  presently  see  that  when 
two  communicating  vessels  are  at  different  temperatures,  the  tension  of  the 
vapour  is  the  same  in  both,  and  always  corresponds  to  that  of  the  lowest 
temperature. 

That  water  evaporates  even  below  zero  follows  from  the  fact  that  wet 
linen  exposed  to  the  air  during  frost  becomes  first  stiff  and  then  dry,  showing 
that  the  particles  of  water  evaporate  even  after  the  latter  has  been  converted 
into  ice. 

356.  Tension  of  aqneons  Tapoor  between  aero  and  one  bundred 
degrees. — i.  Dalton^s  method.  Dalton  measured  the  elastic  force  of  aqueous 
vapour  between  o  and  100°  by  means  of  the  apparatus  represented  in  fig. 
299.  Two  barometer  tubes,  A  and  B,  are  filled  with  mercury,  and  inverted 
in  an  iron  bath  full  of  mercur>%  and  placed  on  a  furnace.  The  tube  A  con- 
tains a  small  quantity  of  water.  The  tubes  are  supported  in  a  cylindrical 
vessel  full  of  water,  the  temperature  of  which  is  indicated  by  the  thermometer. 
The  bath  being  gradually  heated,  the  water  in  the  cylinder  becomes  heated 
too  ;  the  water  which  is  in  the  tube  A  vaporises,  and  in  proportion  as  the 
tension  of  its  vapour  increases,  the  mercury  sinks.  The  depressions  of  the 
mercury  corresponding  to  each  degree  of  the  thermometer  are  indicated  on 
the  scale  £,and  in  this  manner  a  table  of  the  elastic  forces  between  zero  and 
100°  has  been  constructed. 

ii.  Regnaulfs  method. — Dalton's  method  is  wanting  in  precision,  for  the 
liquid  in  the  cylinder  has  not  everywhere  the  same  temperature,  and  con- 
sequently the  exact  temperature  of  the  aqueous  vapour  is  not  shown. 
Regnault's  apparatus  is  a  modification  of  that  of  Dalton.  The  cylindrical 
vessel  is  replaced  by  a  large  cylindrical  zinc  drum,  MN  (fig.  300),  in  the  bottom 
of  which  are  two  tubulures.  The  tubes  A  and  B  pass  through  these  tubu- 
lures,  and  are  fixed  by  caoutchouc  collars.     The  tube  containing  vapour,  B, 
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is  coonected  with  a  flask,  a,  by  means  of  a  brass  three-way  tube,  O.  The 
ihird  limb  of  this  tube  is  connected  with  a  drying  tube,  D,  containing 
piunice  charged  with  sulphuric  acid,  which  is  connected  with  the  air-pump. 
^Vben  the  tiask  a  contains  some  water,  a  small  portion  is  distilled  into  B 
b)*  ^nily  heating  the  flask.  Exhausting,  then,  by  means  of  the  air'pump, 
the  water  distils  continuously  Trom  the  flask  and  from  the  barometric  tube 
lonirds  D,  which  condenses  the  vapour.  After  having  vaporised  some 
<)ianiiiy  of  water,  and  when  it  is  thought  that  the  air  in  the  tube  is  withdrawn, 
ihecapilhwy  tube  which  connects  B  with  the  three-way  tube  is  sealed.  The 
wbe  B  being  thus  closed,  it  is  experimented  with  as  in  Dalton's  method. 


L 
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TIk  dram  MN,  being  Riled  with  water,  is  gently  heated  by  a  spirit  Imnp, 
■hich  \%  separated  from  the  tubes  by  a  wooden  screen.  By  means  of  a 
tlirrcT,  K,  all  parts  of  the  liquid  are  kept  at  the  same  temperature.  In  the 
side  of  the  drum  is  a  glass  window,  through  which  the  height  of  the  mercury 
in  the  tubes  cnn  be  rend  off  by  means  of  a  catheiometer  ;  from  the  difference 
in  these  heights,  reduced  to  lern,  the  tension  of  vapour  is  deduced.  Hy 
meant  of  this  apparatus,  the  elastic  force  of  vapour  between  0°  and  50°  has 
detennined  with  accuracy. 
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>  Tapenr  ftb»v«  ona  handr«A  d^ir«««. — Two 

methods  have  been  employed  for  determining  the  tension  of  aqueous  vs^Miiir 
ai  temperatures  above  loo";  the  one  by  Dulong  and  Arago,  in  1830,  and  the 
other  by  Regnauh,  in  1844, 

Fig.  301  represents  a  vertical  section  of  the  apparatus  used  by  Dulong 
and  Arago.  It  consisted  of  a  copper  boiler,  i,  with  very  thick  sides,  and  erf 
about  30  gallons'  capacity.  Two  gun-barrels,  a,  of  which  only  one  is  seen  in 
the  drawing,  were  firmly  Bxed  in  the  sides  of  the  boiler,  and  plunged  in  the 
water.  The  gun-barrels  were  closed  below,  and  contained  mercury,  in  which 
were  placed  thermometers,  /,  indicating  the  temperature  of  the  water  and  of 
the  vapour.  The  tension  of  the  vapour  was  measured  by  means  of  a  mano- 
meter with  compressed  air,  ih,  previously  graduated  (1S4)  and  fitted  into  an 
iron  vessel,  1/,  filled  with  mercury.  In  order  to  see  the  height  of  the  mercury 
in  the  vessel,  it  was  connected  above  and  below  with  a  glass  tube,  n,  in  which 
the  level  was  always  the  same  as  in  the  bath.  A  copper  tube,  /,  connected 
the  upper  part  of  the  i-essel,  d,  with  a  vertical  tube,  c,  fitted  in  the  boiler. 
The  tube  I  and  the  upper  part  of  the  bath  1/  were  filled  with  water,  which 
was  kept  coo!  by  means  of  a  current  of  cold  water  flowing  froi 
and  circulating  through  the  tube  i. 


The  vapour  which  was  disengaged  from  the  tube  c  exerted  a  pressure 
on  the  water  of  the  tube  i;  this  pressure  was  transmitted  to  the  water  and 
to  the  mercury  in  the  bath  li,  and  the  mercury  rose  in  the  manometer.  By 
noting  on  the  manometer  the  pressures  corresponding  to  each  degree  of  the 
thermometer,  Dulong  and  Arago  were  able  to  make  a  direct  measurement 
of  the  tension  up  to  24  atmospheres,  and  the  tension  from  thence  to  50 
atmospheres  was  determined  by  calculation. 

358.  TenalAn  «r  T>»oar  beloit  knd  ftb«T«  ons  hnadrvd  dacre«a< — 


■Willie  cylinder,  D,  through  which  a  current  of  cold  water  is  constantly 
fcwiog  from  Ihe  reservoir  E.  To  the  upper  part  of  the  globe  a  tube  with 
1*0  branches  is  attached,  one  of  which  is  connected  with  a  manometer,  O  ; 
■Ik  other  tube,  H  ff',  which  is  of  lead,  can  be  attached  cither  to  an  exhaust- 
ing or  a  condensing  air-pump,  according  as  the  air  in  the  globe  is  to  be 
irilied  or  condensed.  The  reservoir  K,  in  which  Is  the  globe,  i 
witer  of  the  temperature  of  the  surrounding  air. 

If  ihc  clastic  force  of  aqueous  vapour  below  loo"  is  to  be  measured,  the 
rnd  ir  of  the  leaden  pipe  is  connected  with  the  plate  of  Ihe  air-pump,  and 
the  air  In  the  globe  M,  and  consequently  that  in  the  retort  C,  is  rarefied. 
■t  bcin){  gently  heated,  the  water  begins  to  boil  ai  a  temperature 
I  loo",  in  consequence  of  the  diminished  pressure.     And  since  |." 
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vapour  is  condensed  in  the  tube  AB,  which  is  always  cool,  the  pressure 
originally  indicated  by  the  manometer  does  not  increase,  and  therefore  the 
tension  of  the  vapour  during  ebullition  remains  equal  to  the  pressure  on  the 
liquid. 

A  little  air  is  then  allowed  to  enter ;  this  alters  the  pressure,  and  the 
liquid  boils  at  a  new  temperature  ;  both  these  are  read  off,  and  the  experi- 
ment repeated  as  often  as  desired  up  to  loo®. 

In  order  to  measure  the  tension  above  loo®,  the  tube  H'  is  connected 
with  a  condensing  pump,  by  means  of  which  the  air  in  the  globe  M  and  that 
in  the  vessel  C  are  exposed  to  successive  pressures,  higher  than  the  atmo> 
sphere.  The  ebullition  is  retarded  (367),  and  it  is  only  necessary  to  observe 
the  difference  in  the  height  of  the  mercury  in  the  two  tubes  of  the  mano- 
meter O,  and  the  corresponding  temperature,  in  order  to  obtain  the  tension 
for  a  given  temperature. 

The  following  tables  by  Regnault  give  the  tension  of  aqueous  vapour 
from  -  10°  to  104°  : — 

Tensions  0/ aqueous  vapour  from  "id*  to  104**  C, 


Tempe 


Tensions  in 


ratures  i    millimetres 


Tempe-  !    Tensions  in 
ratures       millimetres 


-10^ 

2-078 

8 

2-456 

6 

2.890 

4 

y3^7     ' 

2 

3*955 

0 

4*600 

f    I 

4*940 

2 

5*302 

3 

5*687 

4 

6097 

5 

6*534 

6 

6*998 

7 

7*492 

8 

8017 

9 

8*574 

10 

9*165 

II 

9-792 

12" 

13 

14 

15 
16 

17 
18 

19 

20 

21 
22 

23 
24 

25 
26 

27 

28 


10*457 
1 1  *o62 
11*906 
12*699 

13*635 

14*421 

15*357 

16*346 

17*391 

1 8*495 
19*659 
20-888 
22*184 
23*550 
24*998 
26-505 
28101 


Tempe- 
ratures 


29' 
30 
31 
32 

33 

34 

35 
40 

45 

50 

55 
60 

65 
70 

75 
80 

85 


Tenuons  in 
millimetres 


29*782 

31-548 
33405 

35*359 
37*410 

39*565 
41*827 

54*906 

71*391 
91*982 

117*479 
148-791 
186*945 
233093 
288*517 

354*643 
433*41 


Tempe- 
ratures 


Tensions  in 
millimetres 


90° 

91 
92 

93 

94 

95 
96 

97 
98 
98*5 
99*0 

99*5 
100*0 

100-5 

loro 

102 'O 

104*0 


525-45 
54578 
56676 

588*41 
61074 

633*78 

657-54 
682*03 

707*26 

720*15 

73391 
74650 

760*00 
77371 

816.17 
875*69 


Tensions  in  atmospheres  from  100°  to  230*9°. 


Temperatures 

Number 
of  atmo- 
spheres 

100*0° 
1        112*2 
120*6 

133*9 
144-0 
152*2 
156*2 
165*3 

I 

IJ 

2 

3 

4 

5 
6 

7 

Number 
Temperatures  ,  of  atmo- 
spheres 


1 70-8° 

175*8 
180-3 

184-5 
188-4 

192*1 

195*5 


8 

9 
10 

II 

12 

13 
14 


Temperatutes 


Number 
of  atmo 
spheres  '' 


198-8° 

201-9 

204*9 

207-7 

210*4 

213*0 

215*5 


Number 
Temperatures   of  atmo- 
■  spheres 

1 


15 
16 

17 
18 

19 
20 

21 


217*9^ 

220*3 
222*5 
224*7 
2268 
228*9 
230*9 


22 

23 
24 

25 
26 

27 
28 
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In  the  second  table  the  numbers  were  obtamed  by  direct  observation 
up  to  24  atmospheres ;  the  others  were  calculated  by  the  aid  of  a  formula  of 
interpolation. 

This  table  and  the  one  next  following  show  that  the  elastic  force  increases 
moch  more  rapidly  than  the  temperature.  It  has  been  attempted  to  express 
the  relation  between  them  by  formulae,  but  none  of  the  formulae  seem  to  have 
the  simplicity  which  characterises  a  true  law. 

3591  Toaston  of  the  Tspoiirs  of  dlffereat  Uqiilds> — Regnault  deter^ 
nuned  the  elastic  force,  at  various  temperatures,  of  a  certain  number  of 
liquids  which  are  given  in  the  following  table  : — 


Liquids 

Tempera- 

Tensions in 

Liquids 

Tempera- 

Tensions  in 

tures 

millimetres 

ratures 

millimetres 

1 

d" 

0-02 

' 

-20'' 

68 

Mercury  . 

100 

O'll 
074 

Ether  .    .   •  • 

0 
60 

182 
1728 

' 

0 

13 

100 

4950 

Alcohol   . 

1 

50 
100 

220 
1695 

Sulphurous    . 

-20 
0 

479 
116$ 

/ 

-20 

43 

auiu 

60 

8124 

Bisulphide 

0 

132 

1 

-30 

876 

of  carbon 

60 

1 164 

Ammonia 

0 

3163 

100 

3329 

30 

8832 

}6a  Tensloii  of  the  vapoiirs  of  mixed  llqulde. — Regnault's  experiments 
^  the  tension  of  the  vapour  of  mixed  liquids  prove  that  (i.)  when  two  liquids 
^crt  no  solvent  action  on  each  other — such  as  yt?Xtx  ?iXi^  bisulphide  of  carbon^ 
w  water  and  benzole — the  tension  of  the  vapour  which  rises  from  them  is 
nearly  equal  to  the  sum  of  the  tensions  of  the  two  separate  liquids  at  the 
same  temperature  ;  (ii.)  with  water  and  ether^  which  partially  dissolve  each 
other,  the  tension  of  the  mixture  is  much  less  than  the  sum  of  the  temsions  of 
l^e  separate  liquids,  being  scarcely  equal  to  that  of  the  ether  alone  ;  (iii.) 
when  two  liquids  dissolve  in  all  proportions,  as  ether  and  bisulphide  of  carbon, 
or  water  and  alcohol,  the  tension  of  the  vapour  of  the  mixed  liquids  is  inter- 
mediate between  the  tensions  of  the  separate  liquids. 

Wiillner  has  shown  that  the  tension  of  aqueous  vapour  emitted  from  a 
saline  solution,  as  compared  with  that  of  pure  water,  is  diminished  by  an 
amount  proportional  to  the  quantity  of  anhydrous  salt  dissolved,  when  the 
sail  crystallises  without  water  or  yields  efflorescent  crystals  :  when  the  salt  is 
deliquescent,  or  has  a  powerful  attraction  for  water,  the  reduction  of  tension 
is  proportional  to  the  quantity  of  crystallised  salt. 

36 1 .  Teaelon  in  two  commniiicatiii  v  Teeeels  at  different  temperatures. 
— M-Tien  two  vessels  containing  the  same  liquid,  but  at  different  temperatures, 
are  connected  with  each  other,  the  elastic  force  is  not  that  corresponding  to 
the  mean  of  the  two  temperatures,  as  would  naturally  be  supposed.  Thus, 
if  there  are  two  globes  (fig.  303),  one.  A,  containing  water  kept  at  zero  by 
means  of  melting  ice,  the  other,  B,  containing  water  at  100°,  the  tension,  as 
long  as  the  globes  are  not  connected,  is  4  to  6  millimetres  in  the  first,  and 
760  millimetres  in  the  second.     But  when  they  are  connected  by  opening  ♦" 
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stopcock  C,  the  vapour  In  the  globe  B,  from"  its  greater  tension,  passes  into 
the  other  globe,  and  is  there  condensed,  so  that  the  vapour  in  B  can  never  - 
reach  a  higher  icniperalure  than  that   in  the  globe  A.     Tlie  liquid  simjdy 
distils  from  B  towards  A  without  any  increase  of  tension. 

From  this  experiment  the  general  principle  may  be  deduced  that  tvluii 
huo  vessels  eonlaining  the  same  liquid,  but  at  different  temperatures,  are  eon- 
itecled,  the  tension  is  identical  in  both  vessels,  and  is  the  same  as  that  corre' 
spending  to  the  lower  temperature.  An  application  of  this  principle  has  been 
mnde  by  Watt  in  the  condenser  of  the  steam-engine. 


nM  It.— 

been  already 
.stated  (349),  is  the 
slow  production 
of  vapour  at  the 
surface  of  a  liquid. 


of    this 


taining  water  become  empty.     The  vapours  which,  rising 


n'aporalion  that 
wet  clothes  dry 
when  exposed  to 
the  air,  and  that 
open  vessels  con- 


condense,  and  becoming  clouds,  fall  as  rain,  are  due  to  the  evaporation  from 
the  seas,  lakes,  rivers,  and  the  soil. 

Four  causes  influence  the  rapidity  of  the  evaporation  of  a  liquid  :  i.  the 
lemperature  :  ii.  the  quantity  of  the  same  vapour  in  the  surrounding  atmo- 
sphere ;  iii.  the  renewal  of  this  atmosphere  ;  iv.  the  extent  of  the  surface  of 

Increase  of  temperature  accelerates  the  evaporation  by  increasing  the 
elastic  force  of  the  vapours. 

In  order  to  understand  the  influence  of  the  second  cause,  it  is  to  be  ob- 
served that  no  evaporation  could  take  place  in  a  space  already  saturated 
with  vapour  of  the  same  liquid,  and  that  it  would  reach  its  maximum  in 
air  completely  freed  from  this  vapour.  It  therefore  follows  that  between 
these  two  extremes,  the  rapidity  of  evaporation  varies  according  as  the 
surrounding  atmosphere  is  already  more  or  less  charged  with  the  same 
vapour. 

The  effect  of  the  renewal  of  this  atmosphere  is  similarly  explained  ;  for 
if  the  air  or  gas,  which  surrounds  the  liquid,  is  not  renewed,  it  soon  becomes 
saturated,  and  evaporation  ceases.  Dallon  found  that  the  ratios  of  the 
evaporation  in  a  feeble,  medium,  and  strong  draught  were  respectively  as 
270  :  347  r  424.  He  also  observed  that  the  quantity  evaporated  in  peffectly 
dry,  almost  still  air  at  a  temperature  of  20°,  was  equivalent  to  o-i  of  a  gramme 
on  a  square  decimetre  of  surface  in  a  minute. 
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The  influence  of  ihe  fourth  cause  is  self-evident. 

Vegetation  exercises  a  great  influence  on  evaporation.  Schtibler  found 
tliat  the  evaporation  from  a.  space  covered  with  meadow  grass,  in  the  most 
vigorous  Stage  of  its  growth,  was  thrice  as  rapid  as  ihat  from  an  adjacent 
sujfice  of  water.     As  the  plants  ripened  the  evaporation  diminished. 

J63.  &«wB  Of  abnllltlaii. — EbuUUion,  or  boiling,  is  the  rapid  production 
of  elastic  bubbles  of  vapour  in  the  mass  of  a  liquid  itself. 

When  a  liquid,  water  for  example,  is  heated  at  the  lower  part  of  a 
vessel,  the  first  bubbles  are  due  to  the  disengagement  of  air  which  had 
previously  been  absorbed.  Small  bubbles  of  vapour  then  begin  to  rise 
from  [he  heated  parts  of  the  sides,  but  as  they  pass  through  the  upper  layers, 
the  temperature  of  which  is  lower,  they 
condense  before  reaching  the  surface, 
Tbc  fbrmation  and  successive  condensa- 
tion of  these  first  bt:bbles  occasion  the 
^tpng  noticed  in  liquids  before  they 
begin  to  boil.  Lastly,  large  bubbles  rise 
and  burst  on  the  surface,  and  this  consli- 
iaiesthephenomenonofebullition(fig.304). 

The  laws  of  ebullition  have  been 
dctmnined  experimentally,  and  are  as 
Wio*s:— 

I.  The  temperature  of  ebullition  or  the 
Ming  point  increases  iviik  Ike  pressure. 

II.  For  a  given  pressure  ebullition 
^gins  at  a  certmn  temperature,  •which 
^•misin  different  liquids,  but  ■which, /or 
'vat  Pressures,  is  always  the  same  in  the 
M«i^  liquid. 

III.  IVha/et'erbe  the  intensity  of  the 
^"uree  gf  heat  as  soon  as  ebullition  begins, 
1^  Umperature  0/ the  liquid  remains  s fa- 
Boiling  points  under  the  pre 


Nitrous  oxide . 

Carbonic  acid  ■ 

Ammonia 

Chloride  of  methyle 

Cyanogen 

-Sulphurous  acid 

Chloride  ofethyle   , 

Aldehyde 

Ether      . 

Ilisulphide  of  carbon 

Acetone  . 

iMet hylic  alcohol 
Alcohol  . 

Beniole  . 


-92°  Distilled  water  . 

.  —80  Acetic  acid 

.    -39  Amylic  alcohol  . 

.    —  23  Propionic  acid   , 

.    -20  Butyric  acid 

.    — 10  Turpentine 

.    +  ri  Aniline 

21  Iodine 

37  Phosphorus 

47  Strong  sulphuric  .n 

56  Mercury 

58  Sulphur 

66  .Selenium 

78  Cadmium   . 

.      80  Zinc    . 


318 

358 
448 
665 
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Kopp  has  pointed  out  that  in  homologous  chemical  compounds  the  same 
difference  in  chemical  composition  frequently  involves  the  same  difference 
of  boiling  points ;  and  he  has  shown  that  in  a  very  extensive  series  of 
compounds,  the, fatty  acids  for  instance,  the  difference  of  CH'  is  attended 
by  a  difference  of  19^  C.  in  the  boiling  point.  In  other  series  of  homologous 
compounds  the  corresponding  difference  in  the  boiling  point  is  30?,  and  in 
others  again  24°. 

364.  THeoretleal  ezplanatloo  of  evaporatloo  aod  elnUlittoa. — From 
what  has  been  said  about  the  nature  of  the  motion  of  the  molecules  in  liquids 
(292),  it  may  readily  be  conceived  that  in  the  great  variety  of  these  motions, 
the  case  occurs  m  which,  by  a  fortuitous  concurrence  of  the  progressive, 
vibratory,  and  rotatory  motions,  a  molecule  is  projected  from' the  surface  of  the 
liquid  with  such  force  that  it  overleaps  the  sphere  of  the  action  of  its  cir- 
cumjacent molecules,  before,  by  their  attraction,  it  has  lost  its  initial  velocity ; 
and  that  it  then  flies  into  the  space  above  the  liquid. 

Let  us  first  suppose  this  space  limited  and  originally  vacuous,  it  gradu- 
ally fills  with  the  propelled  molecules,  which  act  like  a  gas  and  in  their 
motion  are  driven  against  the  sides  of  the  envelope.  One  of  these  sides, 
however,  is  the  surface  of  the  liquid  itself,  and  a  molecule  when  it  strikes 
against  this  surface  will  not  in  general  be  repelled,  but  will  be  retained  by  the 
attraction  which  the  adjacent  ones  exert.  Equilibrium  will  be  established 
when  as  many  molecules  are  dispersed  in  the  surrounding  space  as,  on  the 
average,  impinge  against  the  surface  and  are  retained  by  it  in  the  unit  of 
time.  This  state  of  equilibrium  is  not,  however,  one  of  rest,  in  which  eva- 
poration has  ceased,  but  a  condition  in  which  evaporation  and  condensation, 
which  are  equally  strong,  continually  compensate  each  other. 

The  density  of  a  vapour  depends  on  the  number  of  molecules  which  are 
repelled  in  a  given  time,  and  this  manifestly  depends  on  the  motion  of  the 
molecules  in  the  liquid,  and  therefore  on  the  temperature. 

What  has  been  said  respecting  the  surface  of  the  liquid  clearly  applies  to 
the  other  sides  of  the  vessel  within  which  the  vapour  is  formed  ;  some  vapour 
is  condensed,  this  is  subject  to  evaporation,  and  a  condition  ultimately  occurs 
in  which  evaporation  and  condensation  are  equal.  The  quantity  of  vapour 
necessary  for  this  depends  on  the  density  of  vapour  in  the  closed 'Space,  on 
the  temperature  of  the  vapour,  and  of  the  sides  of  the  vessel,  and  on  the  force 
with  which  this  attracts  the  molecules.  The  maximum  will  be  reached 
when  the  sides  are  covered  with  a  layer  of  liquid,  which  then  acts  like  the 
free  surface  of  a  liquid. 

In  the  interior  of  a  liquid  it  may  happen  that  the  molecules  repel  each 
other  with  such  force  as  to  momentarily  destroy  the  coherence  of  the  mass. 
The  small  vacuous  space  which  is  thereby  formed  is  entirely  surrounded  by 
a  medium  which  does  not  allow  of  the  passage  of  the  repelled  molecules. 
Hence  it  cannot  increase  and  maintain  itself  as  a  bubble  of  vapour,  unless  so 
many  molecules  are  projected  from  the  inner  sides  that  the  internal  pressure 
which  thereby  results  can  balance  the  external  pressure  which  tends  to 
condense  the  bubble.  The  expansive  force  of  the  enclosed  vapour  must 
therefore  be  so  much  the  greater,  the  greater  the  external  pressure  on 
the  liquid,  and  thus  we  see  the  dependence  of  pressure  on  the  temperature 
of  boiling. 
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365.  ItoSmMiee  of  svlMtMiees  to  solutloo  on  tlie  bolllBr  polat. — The 

ebullition  of  a  liquid  is  the  more  retarded  the  greater  the  quantity  of  any 
substance  it  may  contain  in  solution,  provided  that  the  substance  be  not 
volatile,  or,  at  all  events,  be  less  volatile  than  the  liquid  itself.  Water,  which 
boils  at  100®  when  pure,  boils  at  the  following  temperatures  when  saturated 
^iih  different  salts  :— 

Water  saturated  with  common  salt        .        .  boils  at  102^ 

„            „            nitrate  of  potassium  „      116 

„            „            carbonate  of  potassium  „      135 

„            „            chloride  of  calcium  „      179 

Acids  in  solution  present  analogous  resuhs  ;  but  substances  merely 
inechanically  suspended,  such  as  earthy  matters,  bran,  wooden  shavings,  &c., 
do  not  affect  the  boiling  point. 

Dissolved  air  exerts  a  very  marked  influence  on  the  boiling  point  of 
^cr.  Deluc  first  observed  that  water  freed  from  air  by  ebullition,  and 
placed  in  a  flask  with  a  long  neck,  could  be  raised  to  112^  without  boiling. 
M.  Donny  examined  this  phenomenon  by  means  of  the  apparatus  depicted  in 
^urejos.  It  con- 
sists of  a  glass  tube 
^AB,  bent  at  one 
end  and  closed  at 
C,  while  the  other 
is  blown    into    a  *"*«•  305- 

pear-shaped  bulb,  B,  drawn  out  to  a  point.  The  tube  contains  water  which 
is  boiled  until  all  air  is  expelled,  and  the  open  end  is  hermetically  sealed.  By 
inclining  the  tube  the  water  passes  into  the  bent  end  CA ;  this  end  being 
placed  in  a  bath  of  chloride  of  calcium,  the  temperature  may  be  raised  to 
\y^  without  any  signs  of  boiling.  At  138°  the  liquid  is  suddenly  converted 
into  steam  and  the  water  is  thrown  over  into  the  bulb,  which  is  smashed  if 
not  sufficiently  strong. 

Boiled  out  water,  covered  with  a  layer  of  oil,  may  be  raised  to  120°  with- 
out boiling,  but  above  this  temperature  it  suddenly  begins  to  boil,  and  with 
almost  explosive  violence. 

When  a  liquid  is  suspended  in  another  of  the  same  specific  gravity,  but  of 
higher  boiling  point,  with  which  it  does  not  mix,  it  may  be  raised  far  beyond 
its  boiling  point  without  the  formation  of  a  trace  of  vapour.  Dufour  has 
made  a  number  of  valuable  experiments  on  this  subject ;  he  used  in  the  case 
of  water  a  mixture  of  oil  of  cloves  and  linseed  oil,  and  placed  in  it  globules 
of  water,  and  then  gradually  heated  the  oil ;  in  this  way  ebullition  rarely  set 
in  below  no®  or  115°;  very  commonly  globules  of  10  millimetres'  diameter 
reached  a  temperature  of  120®  or  130°,  while  very  small  globules  of  i  to  3 
millimetres  reached  the  temperature  of  175°,  a  temperature  at  which  the 
tension  of  vapour  on  a  free  surface  is  8  or  9  atmospheres. 

At  these  high  temperatures  the  contact  of  a  solid  body,  or  the  production 
of  gas  bubbles  in  the  liquid,  occasioned  a  sudden  vaporisation  of  the  globule, 
accompanied  by  a  sound  like  the  hissing  of  a  hot  iron  in  water. 

Saturated  aqueous  solutions  of  sulphate  of  copper,  chloride  of  sodium, 
&c.,  remain  liquid  at  a  temperature  far  beyond  their  boiling  point,  when 


;,oS  (  hi  J  It  (It.  [365- 

immersed  in  melled  stearic  acid.  In  like  manner,  globules  of  chloroform 
(which  boils  at  6i^),  suspended  in  a  solution  of  chloride  of  zinc,  could  be 
heated  to  97®  or  98®  without  l>oiling. 

It  is  a  disputed  question  as  to  what  is  the  temperature  of  the  vapour 
from  boiling  saturated  saline  solutions.  It  has  been  stated  by  Rudberg  to 
be  that  of  pure  water  boiling  under  the  same  pressure.  The  most  recent 
experiments  of  Magnus  seem  to  show,  however,  that  this  is  not  the  case, 
but  that  the  vapour  of  boiling  solutions  is  hotter  than  that  of  pure  water; 
and  that  the  temperature  rises  as  the  solutions  become  more  concentrated, 
and  therefore  boil  at  higher  temperatures.  Nevertheless,  the  vapour  was 
always  found  somewhat  cooler  than  the  mass  of  the  boiling  solution,  and  the 
difference  was  greater  at  high  than  at  low  temperatures. 

The  boiling  point  of  a  liquid  is  usually  lowered  when  it  is  mixed  with  a 
more  volatile  liquid  than  itself,  but  raised  when  it  contains  one  which  is  less 
volatile.  Thus  a  mixture  of  two  parts  alcohol  and  one  of  water  boils  at  83®, 
a  mixture  of  two  parts  of  bisulphide  of  carbon  and  one  part  of  ether  boils  at 
38^  In  some  cases  the  boiling  point  of  a  mixture  is  lower  than  that  of 
either  of  its  constituents.  A  mixture  of  water  and  bisulphide  boils  at 
43°,  the  boiling  point  of  the  latter  being  46^  On  this  depends  the 
following  curious  experiment.  If  water  and  bisulphide  of  carbon,  both  at 
the  temperature  45°,  are  mixed  together,  the  mixture  at  once  begins  to  boil 
briskly. 

366.  Znfluenee  of  tbe  nature  of  tHe  Tessel  on  tHe  boiling  points — 
(lay-Lussac  observed  that  water  in  a  glass  vessel  required  a  higher  tempera- 

^  ture  for  ebullition  than  in  a  metal  one. 
Taking  the  temperature  of  boiling  >vater 
in  a  copper  vessel  at  100°,  its  boiling 
point  in  a  glass  vessel  was  found  to  be 
101° ;  and  if  the  glass  vessel  had  been 
previously  cleaned  by  means  of  sul- 
phuric acid  and  of  potass,  the  tempera- 
ture would  rise  to  105°,  or  even  to  106°, 
before  ebullition  commenced.  A  piece 
of  metal  placed  in  the  bottom  of  the 
vessel  was  always  sufficient  to  lower  the 
temperature  to  100®,  and  at  the  same 
time  to  prevent  the  violent  concussions 
which  accompany  the  ebullition  of  saline 
or  acid  solutions  in  glass  vessels.  What- 
ever be  the  boiling  point  of  water,  the 
temperature  of  its  vapour  is  uninfluenced 
by  the  substance  of  the  vessels. 

367.  Znfluenee  of  pressure  on  tbe 
boilingr  point. — We  see  from  the  table 
of  tensions  (358)  that  at  100°,  the  tem- 
perature at  which  water  boils  under  a 
pressure  of  760  millimetres,  which  is 
that  of  the  atmosphere,  aqueous  vapour  has  a  tension  exactly  equal  to  this 
pressure.     This  principle  is  general,  and  may  be  thus  enunciated  :  A  liquid 


Fig.  306. 
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bnU  when  the  tension  of  its  vapour  is  equal  to  the  pressure  it  supports. 
Consequently,  as  the  pressure  increases  or  diminishes,  the  tension  of  the 
vapour,  and  therefore  the  temperature  necessary  for  ebullition,  must  increase 
or  diminish.  Hence  a  liquid  has  strictly  speaking  an  indefinite  number  of 
boiling  points. 

In  order  to  show  that  the  boiling  point  is  lower  under  diminished  pres- 
sure, a  small  dish  containing  water  at  30°  is  placed  under  the  receiver  of 
an  air-pump,  which  is  then  exhausted.  The  liquid  soon  begins  to  boil,  the 
vapour  formed  being  pumped  out  as  rapidly  as  it  is  generated. 

A  paradoxical  but  very  simple  experiment  also  well  illustrates  the  de- 
pendence of  the  boiling  point  on  the  pressure.  In  a  glass  flask,  water  is 
boiled  for  some  time,  and  when  all  air  has  been  expelled  by  the  steam,  the 
flask  b  closed  by  a  cork  and  inverted,  as  shown  in  fig.  306.  If  the  bottom 
is  then  cooled  by  a  stream  of  cold  water  from  a  sponge,  the  water  begins  to 
boil  again.  This  arises  from  the  condensation  of  the  steam  above  the 
surface  of  the  water,  by  which  a  partial  vacuum  is  produced. 

It  is  in  consequence  of  this  diminution  of  pressure  that  liquids  boil  on 
mountains  at  lower  temperatures.     On  Mont  Blanc,  for  example,  water 
boils  at  84®,  and  at  Quito  at  90^ 

On  the  more  rapid  evaporation  of  water  under  feeble  pressures  is  based 
the  use  of  the  air-pump  in  concentrating  those  solutions  which  either  can- 
not bear  a  high  degree  of  heat,  or  which  can  be  more  cheaply  evaporated 
in  an  exhausted  space.  Howard  made  a  most  important  and  useful  applica- 
tion of  this  principle  in  the  manufacture  of  sugar.  The  syrup,  in  his  method, 
is  enclosed  in  an  air-tight  vessel,  which  is  exhausted  by  a  steam-engine. 
Theevaporation  consequently  goes  on  at  a  lower  temperature,  which  secures 

the  s)Tup  from  injury.     The  same  plan  is  adopted  in  evaporating  the  juice 

of  certain  plants  used  in  preparing  medicinal  extracts. 

On  the  other  hand,  ebullition  is  retarded  by  increasing  the  pressure  : 

under  the  pressure  of  two  atmospheres,  for  example,  water  only  boils  at 

i2o'-6. 

368.  FranlLUn's  experiment. — The  influence  of  pressure  on  boiling 
may  further  be  illustrated  by  means  of  an  experiment  originally  made  by 
Franklin.  The  apparatus  consists  of  a  bulb,  «,  and  a  tube  b,  joined  by  a 
tube  of   smaller    dimensions    (fig. 

307;.    The  tube  b  is  drawn  out,  and 

the  apparatus    filled    with    water, 

which  is  then  in  great  part  boiled 

away  by  means  of  a  spirit  lamp.     WfKS/tT'^^  ^'^\  ^ 

When  it  has  been  boiled  sufficiently 

long  to  expel  all  the  air,  the  tube  b 

is  sealed.    There  is  then  a  vacuum  v^^^_.  j 

in  the  apparatus,  or  rather  there  is 

a  pressure  due  to  the  tension  of  F»g.  307. 

aqueous  vapour,  which  at  ordinary 

temperatures  is  very  small.     Consequently  if  the  bulb,  a,  be  placed  in  the 

hand,  the  heat  is  sufficient  to  produce  a  pressure  which  drives  the  water  into 

the  tube  by  and  causes  a  brisk  ebullition. 

369.  laimmawtmwBLWox  of  heiglits  by  tue  bolUagr  point. — From  the  con- 
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nection  between  the  boiling  point  of  water  and  the  pressure,  the  heights  of 
mountains  may  be  measured  by  the  thermometer  instead  of  by  the  barometer. 
Suppose,  for  example,  it  is  found  that  water  boils  on  the  summit  of  a 
mountain  at  90^,  and  at  its  base  at  ^ ;  at  these  temperatures  the  elastic 
force  or  tension  of  the  vapour  is  equal  to  that  of  the  pressure  on  the  liquid  ; 
that  is,  to  the  pressure  of  the  atmosphere  at  the  two  places  respectively. 
Now  the  tensions  of  aqueous  vapour  for  various  temperatures  luive  been 
determined,  and  accordingly  the  tensions  corresponding  to  the  above  tem- 
peratures are  sought  in  the  tables.  These  numbers  represent  the  atmospheric 
pressures  at  the  two  places  :  in  other  words,  they  give  the  barometric  heights, 
and  from  these  the  height  of  the  mountain  may  be  calculated  by  the  method 
already  given  (178).  An  ascent  of  about  1,080  feet  produces  a  diminution  of 
1°  C.  in  the  boiling  point. 

The  instruments  used  for  this  purpose  are  called  thermo-barometers  or 
hypsoineters^  and  were  first  applied  by  Wollaston.  They  consist  essentially 
of  a  small  metallic  vessel  for  boiling  water,  fitted  with  very 
delicate  thermometers,  which  are  only  graduated  from  80P  to  100^ ; 
so  that,  each  degree  occupying  a  considerable  space  on  the  scale, 
the  loths,  and  even  the  looths,  of  a  degree  may  be  estimated,  and 
thus  it  is  possible  to  determine  the  height  of  a  place  by  means  of 
the  boiling  point  to  within  about  10  feet. 

370.  Formation  of  Tapour  to  elosed  tubes. — We  have 
hitherto  considered  vapours  as  being  produced  in  an  indefinite 
space,  or  where  they  could  expand  freely,  and  it  is  only  under 
this  condition  that  ebullition  can  take  place.  In  a  closed  vessel 
the  vapours  produced  finding  no  issue,  their  tension  and  their 
density  increase  with  the  temperature,  but  the  rapid  disengage- 
ment of  vapour  which  constitutes  ebullition  is  impossible.  Hence, 
while  the  temperature  of  a  liquid  in  an  open  vessel  can  never  ex- 
ceed that  of  ebullition,  in  a  closed  vessel  it  may  be  much  higher. 
The  liquid  state  has,  nevertheless,  a  limit  ;  for,  according  to 
experiments  by  Cagniard-Latour,  if  either  water,  alcohol,  or  ether 
be  placed  in  strong  glass  tubes,  which  are  hermetically  sealed 
after  the  air  has  been  expelled  by  boiling,  and  if  then  these  tubes 
are  exposed  to  a  sufficient  degree  of  heat,  a  moment  is  reached 
at  which  the  liquid  suddenly  disappears,  and  is  converted  into 
vapour  at  200°,  occupying  a  space  less  than  double  its  volume  in 
the  liquid  state,  its  tension  being  then  38  atmospheres. 

Alcohol  which  half-fills  a  tube  is  converted  into  vapour  at 
207°  C.  If  a  glass  tube  about  half-filled  with  water,  in  which 
some  carbonate  of  soda  has  been  dissolved,  to  diminish  the 
action  of  the  water  in  the  glass,  be  heated,  it  is  completely 
vaporised  at  about  the  temperature  of  melting  zinc. 

When  chloride  of  ethyle  is  heated  in  a  very  thick  sealed  tube, 

the  upper  surface  ceases  to  be  distinct  at  170°,  and  is  replaced 

by  an  ill-defined  nebulous  zone.    As  the  temperature  rises  this 

Fig-  308.     zone  increases  in  width  in  both  directions,  becoming  at  the  same 

time   more  transparent ;   after  a  time  the  liquid  is  completely 

vaporised,  and  the  tube  becomes  transparent  and  seemingly  empty.     On 


tooling,  ihe  phenomena  are  reproduced 

ipptarancea  are  observed  on  heating  ethei 
Andrews  mnde  a  scries  of  observati 

gises  at  different  temperatures,  by 

(talures  of  which  are  represented  in  tig.  308. 

The  pure  and  dry  gas  is  contained  in  a  tube  g,  which  is  sealed  at  one 
end,  and  the  gas  is  shut  in  by  a  thread  of  mercury.  The  lube  is  inserted  in 
1  brass  end-piece,  E,  which  is  firmly  screwed  on  a  strong  copper  tube,  R.  Al 
ihe  other  end  is  a  similar  piece,  in  which  a  steel  screw  works,  perfect  light- 
n«t  being  ensured  by  good  packing.  The  tube  is  full  of  water,  so  that  by 
tiuning  this  screw  the  pressure  on  the  enclosed  gas  can  be  increased  up  to 
joo  atmospheres.  In  some  cases  the  projecting  capillary  tube  is  bent 
dqwnwards,  so  that  it  can  be  placed  in  a  freezing 

s  found  on  raising  liquid  carbonic  acid  in  such  a  tube  to  a  tempe- 
nc  of  31'  C.  that  the  surface  of  demarcation  between  the  liquid  and  the 
^  became  fainter,  lost  its   cun'ature,  and  gradually  disappeared.      The 
tiacc  K-as  then  occupied  by  a  homogeneous  fluid,  which,  when  the  pressure 
was  suddenly  diminished,  or  the  temperature  slightly  lowered, 
exhibited  a  peculiar  appearance  of  moving  or  flickering  stria; 
throughout  its  whole  mass.     Above  30°  no  apparent  liquefac- 
tion of  carbonic   anhydride,  or   stparalion   into   two   distinct 
forms  of  matter,  could  be  effected,  not  e\'en  when  the  pressure 
of 400  atmospheres  was  applied. 

The  phenomenon  of  the  critical  temperature  may  also  be 
ronvenienily  illustrated  by  the  following  arrangement  (fig.  309), 
whicli  is  also  well  adapted  for  projection  on  a  screen  by 
■tieans  of  a  magic-lantern  for  lecture  purposes.  A  stout  glass 
tube  about  2*5"*  wide  and  40"°  long  contains  liquid  sulphurous 
acid,  and  is  supported  with  the  drawn-out  end  downwards,  in 
a  test-tube  by  means  of  a  «'ire  frame.  Pure  melted  pnraffine 
is  added  to  about  10™  above  the  inner  tube.  The  whole 
arrangement  is  suspended  in  a  retort-holder,  and  heat  applied 
nith  a  spirit  lamp.  With  careful  manipulation  there  is  no  dan- 
ger, and  the  course  of  the  phenomenon  is  readily  seen  through 
the  clear  paraHine. 

From   similar  observations  made  with  other  substances  it 
seems  that  there   exists   for   every  liquid   a   temperature,   the 
criKcal  poini  ot  critical  temperature.     While  below  this  critical 
point  a  sudden   transition  from  gas  to  liquid  is  accompanied 
by  a  luddcn  diminution  of  volume,  and  liquid  and  gas  are 
separated  by  a  sharp  line  of  demarcation  ;  above  this  critical 
point  the  change  is  connected  with  a  gradual  diminution  of 
volume,  and  is  quite  imperceptible.    The  condensate 
tie  recugnisetl  by  a  sudden  ebullition  when  the  pressure  is  lessened.     Hence, 
ordinary  condensation  is  only  possible  at  a  temperature  below  the  critical 
point,  and  it  is  not  surprising,  therefore,  that  mere  pressure,  however  great, 
ttMHild  have  failed  to  liquefy  many  of  the  gases. 

llw  boiling  point  of  a  body  may  be  defined  as  the  temperature  above 
which  a  body  passes  into  the  state  of  gas,  not  only  on  the  surface  but  in  thi 


indeed,  only 
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body  of  llie  liquid  ;  this  temperature  is  therefore  different  for  different 
pressures,  and  is  accordingly  a  relalive  magnitude. .  The  absolute  b^Ung 
point  is  the  temperature  at  which  a  body  is  converted  into  gas,  whatever  be 
the  pressure ;  it  is  identical  with  the  critical  temperature.  MendelejefT 
found  that  a  relation  existed  between  the  absolute  temperature  and  the 
capillarity  of  liquids.  Increase  of  temperature  diminishes  cohesion,  and 
therefore  the  capillarity  of  hquids.  The  capillarity  ultimately  vanishes,  and 
the  temperature  at  which  this  takes  place  is  the  absolute  boiling  point. 

A  vapour  may  be  defined  as  being  a  gas  at  any  temperature  below  its 
critical  point.  Hence  a  vapour  can  lie  converted  into  a  liquid  by  pressure 
alone,  and  can  therefore  exist  in  the  pressure  of  its  own  liquid,  while  3i.ga3 
requires  cooling  as  well  as  pressure  to  convert  it  into  a  liquid  ;  that  is,  to  alter 
its  arrangement  in  such  a  manner,  that  a  liquid  can  be  seen  to  be  separated 
from  a  gas  by  a  distinctly  bounded  surface. 

37'-  Vftpln'a  dl  tester.— Pap  in  appears  to  have  been  the  first  to  investi- 
in  of  vapour  in  closed  vessels.  The  apparatus 
which  bears  his  name  consists  of  a  cylin- 
drical iron  vessel  (lig.  310),  provided  with 
a  cover,  which  is  firmly  fastened  down 
b)-  the  screw  B.  In  order  to  close  the 
vessel  hermetically,  sheet  lead  is  placed 
between  the  edges  of  the  cover  and  the 
vessel.  At  the  bottom  of  a  cylindrical 
cavity,  which  traverses  the  cj-linder  S, 
and  the  tubulure  c,  the  cover  is  perforated 
by  a  small  orifice  in  which  there  is  a  rod 
n.  This  rod  presses  against  a  lever,  A, 
movable  at  a,  and  the  pressure  may  be 
regulated  by  means  of  a  weight  movable 
on  this  lever.  The  lever  is  so  weighted 
that  when  the  tension  in  the  interior  is 
equal  to  6  atmospheres,  for  example,  the 
valve  rises  and  the  vapour  escapes.  The 
destruction  of  the  apparatus  is  thus 
avoided,  and  this  mechanism  has  hence 
received  the  name  of  safity-^-alve.  The 
digester  is  filled  about  two-thirds  with 
p.  water,  and  is  heated  on  a  furnace.     The 

water  maylhus  be  raised  lo  a  temperature 
far  above  100%  and  the  tension  of  the  vapour  increased  to  several' atmo- 
spheres, according  to  the  weight  on  the  lever. 

We  have  seen  that  water  boils  at  much  lower  temperatures  on  high 
mountains  (367)  ;  the  temperature  of  water  boiling  in  opten  vessels  in  such 
localities  is  not  suRicient  to  soften  animal  fibre  completely  and  extract 
the  nutriment,  and  hence  Papin's  digester  is  used  in  the  preparation  of 

Papin's  digester  is  used  in  extracting  gelatine.  When  bones  are  digested 
in  this  apparatus  they  are  softened  so  that  the  gelatine  which  they  contain 
is  dissolved  ;  the  part  through  which  the  screw  H  passes  is  made  of  sucb 
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elastictty  that  it  yields  and  the  lid  opens  when  the  pressure  of  the  vapour 
becomes  dangerous. 

372.  &ateiit  iBLtmx  of  Tapour. — As  the  temperature  of  a  liquid  remains 
constant  during  ebullition,  whatever  be  the  source  of  heat  (363),  it  follows 
that  a  considerable  quantity  of  heat  becomes  absorbed  in  ebullition,  the 
only  effect  of  which  is  to  transform  the  body  from  the  liquid  to  the  gaseous 
condition.  And  conversely,  when  a  saturated  vapour  passes  into  the  state  of 
liquid  it  gives  out  a  definite  amount  of  heat. 

These  phenomena  were  first  observed  by  Black,  and  he  described  them 
by  saying  that  during  vaporisation  a  quantity  of  sensible  heat  became  latent, 
and  that  the  latent  heat  again  became  free  during  condensation.  The 
quantity  of  heat  which  a  liquid  must  absorb  in  passing  from  the  liquid  to 
the  gaseous  state,  and  which  it  gives  out  in  passing  from  the  state  of  vapour 
to  that  of  liquid,  is  spoken  of  as  the  latent  heat  of  evaporation. 

The  analogy  of  these  phenomena  to  those  of  fusion  will  be  at  once  seen  ; 
the  modes  of  determining  them  will  be  described  in  the  chapter  on  Calori- 
metry ;  but  the  following  results,  which  have  been  obtained  for  the  latent 
heats  of  evaporation  of  a  few  liquids,  may  be  here  given  : — 

Water 536  Bisulphide  of  carbon  .        .         .87 

Alcohol 208  Turpentine 74 

Acetic  acid  .102  Bromine 49 

Ether 90  Iodine 24 

The  meaning  of  these  numbers  is,  in  the  case  of  water,  for  instance,  that 
it  requires  as  much  heat  to  convert  a  pound  of  water  from  the  state  of  liquid 
at  the  boiling  p>oint,  to  that  of  vapour  at  the  same  temperature,  as  would  raise 
a  pound  of  water  through  536  degrees,  or  536  pounds  of  water  through  one- 
degree  ;  or  that  the  conversion  of  one  pound  of  vapour  of  alcohol  at  78°  into 
liquid  alcohol  of  the  same  temperature  would  heat  208  pounds  of  water 
through  one  degree. 

Watt,  who  investigated  the  subject,  found  that  the  whole  quantity  of  heat 
necessary  to  raise  a  given  weight  of  water  from  zero  at  any  temperature 
and  then  to  evaporate  it  entirely^  is  a  constant  quantity.  His  experiment> 
showed  that  this  quantity  is  640.  Hence  the  lower  the  temperature  the 
jn'cater  the  latent  heat,  and,  on  the  other  hand,  the  higher  the  temperature 
the  less  the  latent  heat.  The  latent  heat  of  the  vapour  of  water  evaporated 
at  100°  would  be  540,  while  at  50°  it  would  be  590.  At  higher  temperature^ 
the  latent  heat  of  aqueous  vapour  would  go  on  diminishing.  Water  evapo 
rated  under  a  pressure  of  1 5  atmospheres  at  a  temperature  of  200°,  would 
have  a  latent  heat  of  440,  and  if  it  could  be  evaporated  at  640°  it  would  ha\e 
no  latent  heat  at  all. 

Rcgnault,  who  examined  this  question  with  great  care,  found  that  the 
total  quantity  of  heat  necessary  for  the  ei^aporation  of  water  increases  li'illi 
the  temperature^  and  is  not  constant,  as  Watt  had  supposed.  It  is  repre- 
sented by  the  formula 

Q  =  606-5  +  0*305  T, 

in  which  Q  is  the  total  quantity  of  heat,  and  T  the  temperature  of  the  water 
during  evaporation,  while  the  numbers  are  constant  quantities.     The  total 
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quantity  of  heat  necessary  to  evaporate  water  at  ioo°  is  636'5  +  (0*305  x  100) 
-637  ;  at  120"  it  is  643;  at  150°  it  is  651 ;  and  at  180°  it  is  661. 

Thus  the  heat  required  to  raise  a  pound  of  water  from  zero  and  convert 
it  into  steam  at  100°  represents  a  mechanical  work  of  885430  units,  which 
u'ould  be  sufficient  to  raise  a  ton  weight  through  a  height  of  nearly  400  feet. 
The  total  heat  of  the  evafioration  of  ether  is  expressed  by  2  formula 
similar  to  that  of  water,  namely,  Q  =  64 +  0-045^;  and  that  for  chloroform 
Q-67+0-I37S/. 

373.  Oold  dna  to  er*p«r*tl»a.  M«r««iT  ftvaon.— -Whatever  be  the 
temperature  at  which  a  vapour  is  produced,  an  absorption  of  heat  always 
takes  place.  If,  therefore,  a  liquid  evaporates,  and  does  not  receive  from 
without  a  quantity  of  heat  equal  to  that  which  is  expended  in  producing  the 
vapour,  its  temperaiure  sinks,  and  the  cooling  is  greater  in  proportion  as  the 
evaporation  is  more  rapid. 

Leslie  succeeded  in  freeiing  water  by  means  of  rapid  evaporation. 
Under  the  receiver  of  ihe  air-pump  is  placed  a  vessel  containing  strong  sul- 
phuric acid,  and  above  it  a  thin  metal  capsule,  A  (tig.  3  ti),  containing  a  small 
quantity  of  water.  By 
exhausting  the  receiver 
the  water  begins  to 
boil  (360),  and  since 
the  vjipour  is  absorbed 
by  the  sulphuric  acid 
as  fast  as  it  is  formed, 
a  rapid  evaporation  is 
produced,  which  quick- 
ly effects  the  freezing 
ot  the  water. 

This  experiment  is 
best      performed      by 
using,  instead  of  a  thin 
tig- 31'-  *'s-  J"'  metal    dish,    a    watch 

glass  coated  with  lamp- 
black and  resting  on  a  cork.  The  advantage  of  this  is  twofold  :  firstly,  the 
lampblack  is  a  very  bad  con'iuctor ;  and  secondly,  it  is  not  moistened  by 
the  liquid,  which  remains  in  the  form  of  a  globule  not  in  contact  with  the 
glass.    A  small  porous  dish  may  also  advantageously  be  used. 

The  same  result  is  obtained  by  means  of  Wollaston's  cryppkorus  (fig, 
31!),  which  consists  of  a  bent  glass  tube  provided  with  a  bulb  at  each  end. 
The  apparatus  is  prepared  by  introducing  a  small  quantity  of  water,  which 
is  then  boiled  so  as  to  expel  all  air.  It  is  then  hermetically  sealed,  so  that 
on  cooling  it  contains  only  water  and  the  vapour  of  water. 

The  water  beinu  introduced  into  the  bulb  A,  the  other  bulb  is  immersed 
in  a  freezing  mixture.     The  vapour  in  the  lube  is  thus  condensed  ;  the  water 
in  A  rapidly  yields  more.    But  this  rapid  productii 
amount  of  heat,  which  is  abstracted  from  the  wal 
is  so  much  reduced  that  it  freezes. 

By  using  liquids  more  volatile  than  water,  n 
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IS  acid,  which  boils  ai 


n  of  vapour  requires  a  large 
;r  in  A,  and  its  temperature 
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r,  still  better,  diloride  of  mcthyle, 
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is  now  prepared  industrially  in  large  quantities,  a  degree  of  cold  is  obtained 
sufficiently  intense  to  freeze  mercury.  This  experiment  may  be  made  on  a 
small  scale  by  covering  the  bulb  of  a  thermometer  with  cotton  wool,  and  after 
having  moistened  it  with  the  liquid  in  question,  placing  it  under  the  receiver 
of  the  air-pump.    When  a  vacuum  is  produced  the  mercury  is  quickly  frozen. 

Thilorier,  by  directing  a  jet  of  liquid  carbonic  acid  on  the  bulb  of  an 
alcohol  thermometer,  obtained  a  temperature  of  —  100^  without  freezing  the 
alcohoL  We  have  already  seen,  however  (343),  that  with  a  mixture  of  solid 
carbonic  acid,  liquid  protoxide  of  nitrogen  and  ether,  Despretz  obtained  a 
sufficient  degree  of  cold  to  reduce  alcohol  to  the  viscous  state. 

By  means  of  the  evaporation  of  bisulphide  of  carbon  the  formation  of 
ice  may  be  illustrated  without  the  aid  of  an  air-pump.  A  little  water  is 
dropped  on  a  board,  and  a  capsule  of  thin  copper  foil,  containing  bisulphide 
of  carbon,  is  placed  on  the  water.  The  evaporation  of  the  bisulphide  is  ac- 
celerated by  means  of  a  pair  of  bellows,  and  after  a  few  minutes  the  water 
fieezes  round  the  capsule,  so  that  the  latter  adheres  to  the  wood. 

In  like  manner,  if  some  water  be  placed  in  a  test-tube,  which  is  then 
dipped  in  a  glass  containing  some  ether,  and  a  current  of  air  be  blown 
through  the  ether  by  means  of  a  glass  tube  fitted  to  the  nozzle  of  a  pair  of 
bellows,  the  rapid  evaporation  of  the  ether  very  soon  freezes  the  water  in  the 
tube.  Richardson's  apparatus  for  producing  local  anaesthesia  also  depends 
on  the  cold  produced  by  the  evaporation  of  ether. 

The  cold  produced  by  evaporation  is  used  in  hot  climates  to  cool  water 
by  means  <3i  alcarrazas.  These  are  porous  earthen  vessels,  through  which 
water  percolates,  so  that  on  the  outside  there^^|^  continual  evaporation, 
which  is  accelerated  when  the  vessels  are  placed  m  a  current  of  air.  For  the 
same  reason  wine  is  cooled  by  wrapping  the  bottles  in  wet  cloths  and  placing 
them  in  a  draught. 

In  Harrison's  method  of  making  ice  artificially,  a  steam-engine  is  used 
to  work  an  air-pump,  which  produces  a  rapid  evaporation  of  some  ether,  in 
which  is  immersed  the  vessel  containing  the  water  to  be  frozen.  The  ap- 
paratus is  so  constructed  that  the  vaporised  ether  can  be  condensed  and 
used  again. 

The  cooling  effect  produced  by  a  wind  or  draught  does  not  necessarily 
arise  from  the  wind  being  cooler,  for  it  may,  as  shown  by  the  thermometer, 
be  actually  warmer,  but  arises  from  the  rapid  evaporation  it  causes  from  the 
surface  of  the  skin.  W^e  have  the  feeling  of  oppression,  even  at  moderate 
temperatures,  when  we  are  in  an  atmosphere  saturated  by  moisture,  in  which 
no  evaporation  takes  place. 

374.  Cmrrh'm  apparata*  for  fireexlngr  water.— We  have  already  seen  that 
when  any  liquid  is  converted  into  vapour  it  absorbs  a  considerable  quantity 
of  sensible  heat ;  this  furnishes  a  source  of  cold  which  is  more  abundant 
the  more  volatile  the  liquid,  and  the  greater  its  heat  of  vaporisation. 

This  property  of  liquids  has  been  utilised  by  M.  Carre,  in  freezing  water 
by  the  distillation  of  ammonia.  The  apparatus  consists  of  a  cylindrical 
boiler  C  (figs.  313,  314),  and  of  a  slightly  conical  vessel  A,  which  is  iho^  freezer. 
These  two  vessels  are  connected  by  a  tube,  ///,  and  a  brace,  «,  binds  them 
firmly.  They  are  made  of  strong  galvanised  iron  plate,  and  can  resist  a 
pressure  of  seven  atmospheres. 
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The  boiler  C,  which  holtis  about  Iwq  gallons,  is  three  parts  filled  with  a 
strong  solution  of  ammonia.  In  a  lubulure  in  the  upper  part  of  the  boiler 
some  oil  is  placed,  and  in  this  a  thermometer  /.  The  freezer  A  consists  of 
two  concentric  envelopes,  in  such  a  manner  that,  its  centre  being  hollow,  a 
metal  vessel,  G,  containing  the  water  to  be  frozen,  can  be  placed  in  this  space. 
Hence  only  the  anntilar  space  between  the  sides  of  the  freezer  is  in  commu- 
nication with  the  boiler  by  means  of  the  tube  m.  In  the  upper  part  of  the 
freezer  there  is  a  small  tubulure,  which  can  be  closed  by  a  metal  stopper, 
and  by  which  the  solution  of  ammonia  is  introduced. 

The  formation  of  ice  comprehends  two  distinct  operations.  In  the  first, 
the  boiler  is  placed  in  a  furnace  F,  and  the  freezer  in  a  bath  of  cold  water  of 
about  12^     The  butler  being  heated  to  [30°,  the  ammoniacal  ^as  dissolved 


in  the  water  of  the  boiler  is  disengaged,  and, 

liquefied  in  the  freerer,  along  withabout  alenthof  its  weight  of  water.  This 
distillation  of  C  towards  A  lasts  about  an  hour  and  a  quarter,  and  when  it  is 
finished  the  second  operaiion  commences  ;  this  consists  in  placing  the  boiler 
in  the  cold-water  bath  (fig.  314),  and  the  freezer  outside,  care  being  taken  to 
surround  it  with  very  dry  flannel.  The  ^-essel  G,  about  three-quarters  full 
of  water,  is  placed  in  the  freezer.  As  the  boiler  cools,  the  ammoniacal  gas 
with  which  il  is  filled  is  again  dissolved  ;  the  pressure  thus  being  diminished, 
the  ammonia  which  has  been  liquefied  in  it  is  converted  into  the  gaseous 
form,  and  now  distils  from  A  towards  C,  to  redissolve  in  the  water  which 
has  remained  in  the  boiler.  During  this  distillation  the  ammonia  which  is 
gasified  absorbs  a  great  quantity  of  heal,  which  is  withdrawn  from  the  vessel 
i;  and  the  water  it  contains.  Hence  il  is  that  this  water  freezes.  In  order 
to  have  better  contact  between  the  sides  of  the  vessel  G  and  the  freezer, 
alcohol  is  poured  between  them.  In  about  an  hour  and  a  quarter  a  perfectly 
compact  cylindrical  block  of  ice  can  lje  taken  from  the  vessel  G. 
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Carri  has  consiruaed  an  ice-making  machine  which  is  an  industrial 
application  of  Leslie's  esperimem  (373),  and  by  which  considerable  quantities 
of  water  may  be  frozen  in  a  short  time.  It  consists  of  a  cylinder  R  about  15 
inches  long  by  4  in  diameter,  tnade  of  an  3II0)'  of  lead  and  antimony 
[tig.  3lS^.  At  line  end  is  a  funnel  E,  by  which  strong  sulphuric  acid  can  be 
introduced  :  at  the  other  is  a  tubulure  m,  to  which  is  screwed  a  dome  i/that 
supports  a  series  of  obstacles  intended  to  prevent  any  sulphuric  acid  from 
spirting  into  m  and  b.  There  are,  moreover,  on  the  receiver  a  wide  tube  u, 
closed  by  a  thick  glass  disc  U,  and  a  long  tube  k,  to  the  top  of  which  is  Rttcd 
ihc  bottle  C  con- 
taining water  to  be 
frti/en.  The  dome 
rf,  the  disc  O,  and 
the  stopper  »  of  the 
funnel  E  are  all 
sealed  »ith  wax. 

On  the  side  of 
the  receiver  is  an 
air-pump  P.  con- 
nected with  it  by  a 
lube  4,  anil  worked  1 
by  a  handle  M.  To 
thi«  handle  is  at- 
tached a  rod  /, 
which  by  ihc 
mechanism  repre- 
toited  on  the  left 
nf  the  hgure  works 
a  stirrer  A  in  the 
sulphuric  acid.  A 
lever  j"  connected 
with  a  horizontal 
atis     which      ira-  ~  -    —  _    ^        -  -=- 

verses  a  small  stuff-  f 

ing-box    f,    trans- 
mits its  backward  and  forward  motion  to  the  rod  e  and  lo  the  stirrer.     This 
and  the  siufiing-box  n  are  fitted  in  a  lubuiure  on  the  side  of  the  tubulure  m. 

The  smallest  siie  which  Carre  makes  contains  35  kilogrammes  of  sul- 
phuric acid,  and  the  water-bottle  about  400  grammes,  when  it  is  one-third  full. 
After  about  70  strokes  of  the  piston  the  water  begins  to  boil ;  the  acid  being 
(o  continued  Hgiiation,  the  vapour  is  rapidly  absorbed  by  it,  and  the  pump  is 
worked  unia  /reeling  begins.  For  this  purpose  it  is  merely  necessary  m 
Kiveafew  strokes  every  live  mmutes.  The  rate  of  freeiing  depends  on  Ihe 
■trength  of  the  acid  ;  when  ihis  gets  very  dilute  it  requires  renewal  :  but  13 
•i<iiet- bottles  Clin  be  frozen  with  the  same  quantity  of  acid. 
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375-  Klquebetlon  of  *Bponn. — The  liquefaction  or  condensalion  or 
vapours  is  their  passage  from  the  aerifurm  tn  the  liquid  slate.  Condensa- 
tion may  be  due  to  three  causes — -cooling,  compression,  or  chemical  affinity. 
For  the  first  two  causes  the  vapours  must  be  saturated  (353),  while  the 
latter  produces  the  hquefaclion  of  the  most  rarefied  vapours.  Thus,  a  large 
number  of  salts  absorb  and  condense  the  aqueous  vapour  in  the  atmosphere, 
however  small  its  quantity. 

When  vapours  are  condensed,  their  latent  heat  becomes  free ;  that  is,  it 
atTccts  the  thermometer.  This  is  readily  seen  when  a  current  of  steam  at 
100°  is  passed  into  a  vessel  of  water  at  the  ordinary  temperature.  The  liquid 
becomes  rapidly  heated,  and  soon  reaches  100°.  The  quantity  of  heat  given 
up  in  liquefaction  is  equal  tn  the  quantity  absorbed  in  producing  the  vapour. 

376.  DlBtUlktlOB.     %vaXm,~DislitUt!ion    Is    an    operation    by    which   1 


volatile  liquid  may  be  separated  from  substances  which  il  holds  i 
nr  by  which  two  liquids  of  different  volatilities  may  be  separated.  The 
operation  depends  on  the  transformation  of  liquids  in  vapours  by  the  action 
of  heat,  and  on  the  condensalion  of  these  vapours  by  cooling. 

The  apparatus  used  in  distillation  is  called  us/ill.  Its  form  may  vary 
(,'reatly,  but  il  consists  esseniially  of  ihree  pans :  isi,  the  body  A  (fig.  316), 
\i  copper  vessel  containing  the  liquid,  the  lower  pan  of  which  fits  in  the 
furnace  :  and,  the  head,  H,  which  fits  on  the  body,  and  from  which  a 
lateral  tube,  C,  leads  to  ;  3rd,  the  worm,  S,  a  long  spiral  tin  or  copper  tijbe 
placed  in  a  cistern  kept  constantly  full  of  cold  water.  The  objea  of  the 
worm   is  10  condense  the  vapour  by  exposing  a  greater  extent  of  cold 
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To  free  ordinary  water  trom  the  many  impurities  which  it  contains,  it  is 
placed  in  a  still  and  heated.  The  vapours  disengaged  are  condensed  in  the 
worm,  and  the  distilled  water  arising  from  the  condensation  is  collected  in 
the  receiver  D.  The  vapours  in  condensing  rapidly  heat  the  water  in  the 
cistern,  which  must,  therefore,  be  constantly  renewed.  For  this  purpose  a 
continual  supply  of  cold  water  passes  into  the  bottom  of  the  cistern,  while 
the  lighter  heated  water  rises  to  the  surface  and  escapes  by  a  tube  in  the  top 
of  the  cistern. 

377.  &ieblff*s  Condeasar. — In  distilling  small  quantities  of  liquids, 
or  in  taking  the  boiling  point  of  a  liquid,  so  as  not  to  lose  any  of  it,  the 


Fig.  3>7. 

apparatus  known  as  Liebi^s  Condenser  is  extremely  useful.  It  consists  of  a 
;;lass  tube,  tt{^g.  317),  about  thirty  inches  long,  fitted  in  a  copper  or  tin  tube 
by  means  of  perforated  corks.  A  constant  supply  of  cold  water  from  the 
vessel  a  passes  into  the  space  between  the  two  tubes,  being  conveyed  to  the 
lower  part  of  the  condenser  by  a  funnel  and  tube/  and  flowing  out  from  the 
upper  part  of  the  tube  g.  The  liquid  to  be  distilled  is  contained  in  a  retort, 
the  neck  of  which  is  placed  in  the  tube ;  the  condensed  liquid  drops  quite 
cold  into  a  vessel  placed  to  receive  it  at  the  other  extremity  of  the  con- 
densing tube. 

378.  Apparfttiis  for  <let«rinioiiiir  tlie  alooliollo  Talue  of  wine*. — One 
of  the  forms  of  this  apparatus  consists  of  a  glass  flask  resting  on  a  tripod, 
and  heated  by  a  spirit  lamp  (fig.  318).  By  means  of  a  caoutchouc  tube  this 
is  connected  with  a  worm  placed  in  a  copper  vessel  filled  with  cold  water, 
and  below  which  is  a  test-glass  for  collecting  the  distillate.  On  this  are 
three  divisions,  one  n,  which  measures  the  quantity  of  wine  taken  ;  the  two 
others  indicating  one-half  and  one-third  of  this  volume. 

The  test-glass  is  filled  with  the  wine  up  to  a  ;  this  is  then  poured  into 
the  flask,  which  having  been  connected  with  the  worm,  the  distillation  is 
commenced.  '  The  liquid  which   distils  over  is  a  mixture  of  alcohol  and 
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colouring  mat- 
ter, and  acid,  but 
containing  all 
the  alcohol.  The 
specific  gravity 
of  this  distillate 
is  then  taken  by 
means  of  an  al- 
coholometer 

number  thus  ob' 
lained  corresponds  to  a  certain  strength  of  alcohol  as  indicated  by  the  tables. 
379.  Batety-tiitw.^In  preparing  gases  and  collecting  them  over  mercurj' 
or  water,  it  occasionally  happens  that   these  liquids  rush  back  into  the 
generating    vessel,   and    destroy   the    operation. 
This  arises  from  an  excess  of  atmospheric  pres- 
sure over  the  tension  in  the  vessel.    If  a  gas  —sul- 
phurous acid  for  example— be  generated  in  the 
flask  m  (fig.  319),  and  be  passed  into  water  in  the 
vessel  A,  as  long  as  the  gas  is  given  off  freely,  its 
tension    exceeds   the   atmospheric   pressure   and 
the  weight  of  the  column  of  water,  on,  so  that 
the  water  in  the  vessel  cannot  rise  in  the  tube, 
and  absorption  is  impassible.     But  if  the  tension 
iig   j„|  decreases,  either    through    the   flask    becoming 

cooled  or  the  gas  beinj;  disengaged  too  slowly, 
the  external  pressure  prevails,  and  when  it  exceeds  the  iniemai  tension  by 
more  than  the  weight  of  the  column  of  water  co,  the  water  rises  into  the 
flask,  and  the  operation  is  spoiled.  This  accident  is  prevented  by  means  of 
sn/ciy -lubes. 

These  are  tubes  which  prevent  absorption  by  allowing  air  to  enter  in 
projwrtion  as  the  internal  tension  decreases.  The  simplest  is  a  lube  Co 
(fig.  320),  passing  through  the  cork  which  closes  the  flask  M,  in  which  the 
t;as  is  generated,  and  dipping  in  the  liquid.  When  the  tension  of  the  gas 
diminishes  in  M,  the  atmospheric  pressure  on  the  water  in  the  bath  £  causes 
it  to  rise  to  a  certain  height  in  the  tube  DA  ;  but  this  pressure,  acting  algj 


on  the  liquid  in  the  tube  Co,  depresses  it  to  the  same  extent,  assuming  Ihni 
the  liquid  has  ihe  same  density  as  the  water  in  E.  Now  as  the  distance  or 
is  less  than  the  height  DH,  air  enters  by  the  aperture  o,  before  the  water  in 
the  bath  can  rise  to  A,  and  no  absorption  takes  place. 

Fig.  371  represents  another  kind  of  safety-lube.  It  has  a  bulb  «,  eon- 
taiining  a  certain  quantity  of  liquid,  as  does  also  id.  When  the  tension  of 
the  gas  in  the  retort  M  exceeds  the  atmospheric  pressure,  the  level  in  the 
le^  jd  rises  higher  than  in  the  bulb  a  ;  if  the  gas  has  the  tension  of  one 
atmosphere,  the  level  is  the  same  in  the  tube  as  in  the  bulb.  Lastly,  if  the 
tension  of  ihe  gas  is  less  than  the  atmospheric  pressure,  the  level  sinks  in 


ihc  leg  di  \  and,  as  care  is  taken  that  the  height  ia  is  less  than  bh,  as  soon 
as  the  air  which  enters  through  c  reaches  the  curved  part  1,  it  raises  the 
rolumn  III,  and  passes  into  Ihe  retort  before  Ihe  water  in  the  cylinder  can 
reach  b  ;  the  pressure  in  the  interior  is  then  equal  to  the  eMemai  pressure, 
and  no  absorption  takes  place. 

380,  XdqBar«otl»a  of  !•■••.— We  have  already  seen  that  a  saturated 
vapour,  ihe  temperature  of  which  is  constant,  is  liquefied  by  increasing  the 
pntsure,  and  that,  the  pressure  remaining  constant,  it  is  brought  into  the 
liquid  state  by  diminishing  the  temperature. 

Unsaturated  vapours  behave  in  alt  respects  like  gases.  And  it  is  natural 
10  suppose  thai  what  are  ordinarily  called  permanent  gases  are  really  im- 
laiur^iicd  vapours.  For  the  gaseous  form  is  accidental,  and  is  not  inherent 
in  the  nature  of  the  substance.  At  ordinary  temperatures  sulphurous  anhy- 
dride is  a  gas,  while  in  countries  near  Ihe  poles  it  is  a  liquid  ;  in  temperate 
Hitnatci  ciher  is  a  liquid,  at  a  tropical  heat  ii  is  a  gas.  And  just  as  unsatu- 
rated vapours  may  be  brought  to  the 'stale  of  saturation,  and  then  liquefied, 
by  suitably  diminishing  the  temperature  or  increasing  the  pressure,  so  by  the 
same  means  gnses  may  be  liqucfird.  But  as  they  are  mostly  very  far  re- 
moved fmm  this  slate  of  saturation,  great  cold  and  pressure  are  required. 
Some  of  them  may  indeed  be  liquefied  either  by  cold  or  by  pressure  ;  for 
the  majimty,  however,  both  agencies  must  be  simultaneously  employed. 
The  recent  researches  of  Caillelet  and  Piciet  have  shown  that  the  dis- 
\iaci\on  permanent  gas  no  longer  exists,  now  that  all  are  'iquelied. 
'■3 
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Faraday  was  the  first  to  liquefy  some  of  the  gases.  His  method  con- 
sists in   enclosing  in   a   bent  glass  tube   (fig.   322)   substances  by  whose 

chemical  action  the  gas  to  be  liquefied  is  pro- 
duced, and  then  sealing  the  shorter  leg.  In 
proportion  as  the  gas  is  disengaged  its  pressure 
increases,  and  it  ultimately  liquefies  and  collects 
in  the  shorter  leg,  more  especially  if  its  conden- 
sation is  assisted  by  placing  the  shorter  leg  in  a 
freezing  mixture.  A  small  manometer  may  be 
placed  in  the  apparatus  to  indicate  the  pres- 
sure. 

Cyanogen  gas  is  readily  liquefied  by  heat- 
ing cyanide  of  mercury  in  a  bent  tube  of  this 
description ;  and  carbonic  acid  by  heating 
bicarbonate  of  sodium  ;  other  gases  have  been  condensed  by  taking  advan- 
tage of  special  reactions,  the  consideration  of  which  belongs  rather  to 
chemistr)-  than  to  physics.  For  example,  chloride  of  silver  absorbs  about 
200  times  its  volume  of  ammoniacal  gas  ;  when  the  compound  thus  formed 
is  placed  in  the  long  leg  of  a  bent  tube  and  gently  heated,  while  the  shorter 
leg  is  immersed  in  a  freezing  mixture,  a  quantity  of  liquid  ammoniacal 
gas  speedily  collects  in  the  shorter  leg. 

381.  Apparatus  to  liquefy  and  solidify  yases. — Thilorier  first  con- 
structed an  apparatus  by  which  considerable  quantities  of  carbonic  acid 
could  be  liquefied.  Its  principle  is  the  same  as  that  used  by  Faraday  in 
working  with  glass  tubes  ;  the  gas  is  generated  in  an  iron  cylinder,  and 
passes  through  a  metal  tube  into  another  similar  cyhnder,  where  it  con- 
denses. The  use  of  this  apparatus  is  not  free  from  danger ;  many  acci- 
dents have  already  happened  with  it,  and  it  has  been  superseded  by  an 
apparatus  Constructed  by  Natterer,  of  Vienna,  which  is  both  convenient  and 
safe. 

A  perspective  view  of  the  apparatus,  as  modified  by  Bianchi,  is  repre- 
sented in  fig.  324,  and  a  section  on  a  larger  scale  in  fig.  323.  It  consists 
of  a  wrought-iron  reservoir  A,  of  something  less  than  a  quart  capacity, 
which  can  resist  a  pressure  of  more  than  6cx)  atmospheres.  A  small  force- 
pump  is  screwed  on  the  lower  part  of  this  reservoir.  The  piston-rod  /  is 
moved  by  the  crank  rod  E,  which  is  worked  by  the  handle  M.  As  the 
compression  of  the  gas  and  the  friction  of  the  piston  produce  a  considerable 
disengagement  of  heat,  the  reservoir  A  is  surrounded  by  a  copper  vessel, 
in  which  ice  or  a  freezing  mixture  is  placed.  The  water  arising  from  the 
melting  of  the  ice  passes  by  a  tube  ;;;  into  a  cylindrical  copper  case  C, 
which  surrounds  the  force-pump,  from  whence  it  escapes  through  the 
tube  //,  and  the  stopcock  o.  The  whole  arrangement  rests  on  an  iron 
frame  PQ. 

The  gas  to  be  liquefied  is  previously  collected  in  airtight  bags  R,  from 
whence  it  passes  into  a  bottle  V,  containing  some  suitable  drying  substance ; 
it  then  passes  into  the  condensing  pump  through  the  vulcanised  india-rubber 
tube  H.  After  the  apparatus  has  been  worked  for  some  time  the  reservoir 
/\  can  be  unscrewed  from  the  pump  without  any  escape  of  the  liquid,  for  it 
is  closed  below  by  a  valve  S  (fig.  323).     In  order  to  collect  some  of  the 
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the  liquid  becomes  solid,  and  looks  like  a  transparent  piece 


The  most  remarkable  liquefaciion  obtained  by  this  apparatus  is  that  of 
protoxide  of  nitrogen.  The  gas  once  liquefied  only  evaporates  slowly,  and 
produces  a  temperature  of  88°  below  zero.  Mercury  placed  in  it  in  small 
quantities  instantly  solidifies.  The  same  is  the  case  with  water  :  it  must  be 
added  drop  by  drop,  otherwise,  its  latent  heat  being  much  greater  than  that 
of  mercur>',  ihe  heat  given  up  by  the  water  in  solidifying  would  be  sufBcient 
to  cause  an  explosion  of  the  protoxide  of  nitrogen. 

Protoxide  of  nitrogen  is  readily  decomposed  by  hpat,  and  has  the  pro- 
perty of  supporting  the  combustion  of  bodies  with  almost  as  much  brilliancy 
as  oxygen  ;  and  even  at  low  temperatures  it  preserves  this  property.  When 
a  piece  of  incandescent  charcoal  is  thrown  on  liquid  protoxide  of  nitrogen 
it  continues  to  bum  with  a  brilliant  light. 

The  cold  produced  by  the  evaporation  of  ether  (373)  has  been  used  by 
Loir  and  Drion  in  the  liquefaction  of  gases.  By  passing  a  current  of  air 
from  a  blowpipe  bellows  through  several  tubes  into 
a  few  ounces  of  ether,  a  temperature  of  —  34°  C.  can 
be  reached  in  five  or  six  minutes,  and  may  be  kept 
up  for  fifteen  or  twenty  minutes.  By  evaporating 
liquid  sulphurous  acid  in  the  same  manner  a  great 
degree  of  cold,  —  50°  C.,  is  obtained.  At  this  tem- 
perature ammoniacal  gas  may  be  liquefied.  By 
rapidly  evaporating  liquid  ammonia  under  the  air- 
pump,  in  the  presence  of  sulphuric  acid,  a  tempera- 
ture of  —  87°  is  attained,  which  is  found  sufficient  to 
liquefy  carbonic  acid  under  the  ordinary  pressure  of 
the  atmosphere. 

382.  Cnltletef a     and     Vtotafs     resaaoIiaB.  — 

Caiilctet   and    Pictet,   working    independently,   but 

simultaneously,   have    effaced    the    old    distinction 

veen   permanent   and  non-permanent  gases,   by 

'  effecting  the  liquefaction  of  the  gases  oxygen  and 

hydrogen,  and  other  gases  hitherto   supposed  to  be 

lercible.    This  has  been  accomplished  by  means 

of  powerful  material  appliances  directed  with  great 

skill  and  ingenuity. 

The  essential  parts  of  Caille'.et's  apparatus  are 
represented  in  fig.  325.  The  gas  to  be  condensed 
is  contained  in  the  tube  T  P,  which  is  fitted,  by 
means  of  a  bronze  screw  A  into  a  strong  wrought- 
iron  mercury  bath  B.  By  means  of  a  screw  R  E, 
and  a  tube  U,  this  is  connected  with  a  hydraulic  or  a  screw  press  not  repre- 
sented in  the  figure.  The  capillary  part  P  of  the  tube  T  is  placed  in  a 
vessel  M,  in  which  it  can  be  surrounded  by  a  freezing  mixture,  and  this 
again  is  surrounded  by  a  slout  safety  bell-jar  C. 

When  a  pressure  of  250  to  300  atmospheres  is  applied  by  means  of  the 
hydraulic  press,  after  waiting  until  the  heat  due  to  the  compression  has  dis- 
appeared, if  a  screw  arranged  in  the  press  is  suddenly  opened,  the  pressure 
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being  diminished,  the  cold  produced  by  the  sudden  expansion  of  the  gas  in 
the  tube  T  P  is  so  great  as  to  liquefy  a  portion  of  the  rest,  as  is  shown  by 
the  production  of  a  mist. 

This  observation  was  first  made  with  binoxide  of  nitrogen,  but  similar 
results  have  been  obtained  with  marsh  gas,  carbonic  acid,  and  oxygen. 

The  principle  of  Pictet's  method  is  that  of  liberating  the  gas  under  great 
pressure  combined  with  the  application  of  great  degrees  of  cold.     The 
essential  parts  of  the 
apparatus  are  the  fol- 
lowing:—Two  double- 
acting  pumps,  A  and 
B  (fig.  326)    are    so 
coupled  together  that 
they  cause   the   eva- 
poration     of      liquid 
sulphurous  acid  con- 
tained in  the  annular 
receiver  C.     By    the 
play  of  the  pumps  the 
gas  thus  evaporated  is 
forced    into    the    re- 
ceiver D,  where  it  is 
cooled  by   a   current 
of  water,    and    again 
liquefied  under  a  pres- 
sure  of  three   atmo- 
spheres.     Thence    it 
passes  again    by  the 
narrow  tube  d  to  the 
receiver  C,  to  replace 
that  which  is  evapo- 
rated. 

In  this  way  the  temperature  of  the  liquid  sulphurous  acid  is  reduced  to 
—65®.  Its  function  is  to  produce  a  sufficient  quantity  of  liquid  carbonic  acid, 
which  is  then  submitted  to  a  perfectly  analogous  process  of  rarefaction  and 
condensation.  This  is  effected  by  means  of  two  similar  pumps  E  and  F. 
The  carbonic  acid  gas,  perfectly  pure  and  dry,  is  drawn  from  a  reservoir 
through  a  tube  not  represented  in  the  figure,  and  is  forced  into  the  condenser 
K,  which  is  cooled  by  the  liquid  sulphurous  acid  to  a  temperature  of- 65°, 
and  is  there  liquefied. 

H  is  a  tube  of  stout  copper  in  connection  with  the  condenser  K  by  a 
narrow  tube  k.  When  a  sufficient  quantity  of  carbonic  acid  has  been  liquefied, 
the  connection  with  the  gasholder  is  cut  off,  and  by  working  the  pumps  E 
and  F  a  vacuum  is  created  over  the  liquid  carbonic  acid  m  H,  which  pro- 
duces so  great  a  cold  as  to  solidify  it. 

L  is  a  stout  wrought-iron  retort  capable  of  standing  a  pressure  of  1,500 
atmospheres.  In  it  are  placed  the  substances  by  whose  chemical  actions 
the  gas  is  produced  ;  potassium  chlorate  in  the  case  of  oxygen.  This  retort 
is  closed  by  a  strong  copper  tube  in  which  the  actual  condensation  is  effected. 
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near  the  end  of  which  is  a  specially-constructed  manometer  R,  and  which  is 
closed  by  a  stopcock  N. 

When  the  four  pumps  are  set  in  action,  for  which  a  steam-engine  of  15 
horse-power  is  required,  heat  is  applied  to  the  i^etort.  Oxygen  is  liberated 
in  a  calculated  quantity,  the  temperature  of  the  retort  being  about  485*. 
Towards  the  close  of  the  decomposition  the  manometer  indicates  a  pressure 
of  500  atmospheres,  and  then  sinks  to  320.  This  diminution  is  due  to  the  con- 
densation of  gas,  and  at  this  stage  the  tube  contains  liquefied  oxygen.  If  the 
cock  N  is  opened,  the  gas  issues  with  violence,  having  the  appearance  of  a 
dazzling  white  pencil.  This  lasts  three  or  four  seconds.  On  closing  the 
stopcock  the  pressure,  which  had  diminished  to  400  atmospheres,  now  rises 
again,  and  again  becomes  stationary,  proving  that  the  gas  is  once  more 
being  condensed. 

The  phenomena  presented  by  the  jet  of  oxygen  when  viewed  by  the 
electric  light  showed  that  the  light  it  emits  was  partially  polarised,  indicating 
a  probable  transient  cr>'stallis.ition  of  the  gas. 

For  hydrogen  the  gas  was  disengaged  by  heating  a  mixture  of  potassic 
formate  and  hydrate,  and  protoxide  of  nitrogen  was  used  instead  of  carbonic 
acid,  by  which  the  temperature  could  be  reduced  to  — 140®  C.  When  the 
pressure  had  reached  650  atmospheres,  and  the  cock  was  opened,  a  steel-blue 
jet  issued  from  the  aperture  with  a  brisk  noise.  This  suddenly  became 
intermittent,  and  resembled  a  shower  of  hailstones.  As  the  separate  granules 
struck  the  ground,  they  produced  a  loud  noise,  and  Pictet  considers  that  in 
all  probability  the  hydrogen  in  the  interior  was  frozen. 


MIXTURES   OF  GASES   AND   VAP()URS. 

383.  &aws  of  tbe  mixture  of  ffases  and  vapours. — Every  mixture  of  a 
gas  and  a  vapour  obeys  the  two  following  laws  : — 

1.  The  tension,  and^  consequently^  the  quantity  of  vapour  7vhich  saturates 
a  a^iven  space ^  are  the  same  for  the  same  temperature^  whether  this  space  con- 
tains a  ^is  or  is  a  vacuum. 

.II.  The  tension  of  the  mixture  of  a  gas  and  a  vapour  is  equal  to  the 
sum  of  the  tensions  which  each  would  possess  if  it  occupied  the  same  space 
alone. 

These  are  known  as  Dalton'^s  laws^  from  their  discoverer,  and  are  de- 
monstrated by  the  following  apparatus,  which  was  invented  by  Gay-Lussac  : — 
It  consists  of  a  glass  tube  A  ffig.  327),  to  which  two  stopcocks,  b  and  //,  are 
cemented.  The  lower  stopcock  is  provided  with  a  tubulure,  which  connects 
the  tube  A  with  a  tube  B  of  smaller  diameter.  A  scale  between  the  two 
tubes  ser%es  to  measure  the  heights  of  the  mercurial  columns  in  these 
tubes. 

The  tube  A  is  filled  with  mercur>%  and  the  stopcocks  b  and  ^are  closed. 
A  glass  globe  M,  filled  with  dr>'  air  or  any  other  gas,  is  screwed  on  by  means 
of  a  stopcock  in  the  place  of  the  funnel  C.  .All  three  stopcocks  are  then 
opened,  and  a  little  mercury  is  allowed  to  escape,  which  is  replaced  by  the 
dr>-  air  of  the  globe.  The  stopcocks  are  then  closed,  and  as  the  air  in  the 
tube  expands  on  leaving  the  globe,  the  pressure  on  it  is  less  than  that  of 
the  atmosphere.     Mercur>'  is  accordingly  poured  into  the  tube  B  until  it  is 
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«  the  same  level  in  both  tubes.  The  globe  is  ihen  removed,  and  replaced 
by  ihe  funnel  C,  proi-ided  with  a  stopcock  n  of  a  peculiar  construction.  It  is 
not  perforated,  but  has  a  small  cavity,  as  represented  in  «,  on  the  left  of  the 
hgurc.    Some  of  the  liquid  in  be  vaporised   is  •^-^ 

poured  inio  C,  and  the  height  of  the  mercury, 
/.hsvitig  been  noted,  the  stopcock  6  is  opened, 
«id  d  turned  so  that  its  cavity  becomes  filled 
■ilh  liquid  :  being  again  turned,  the  liquid 
rniws  the  space  A  and  vaporises.  The  lit[uid 
is  iQowed  to  fall  drop  fay  drop  until  the  air  in 
ibe  tube  is  sflturated,  which  is  the  case  when 
ihc  level  t  of  the  mercury  ceases  10  sink  (353). 

As  the  tension  of  (he  vapour  produced  in 
the  space  A  is  added  to  that  of  the  air  already 
pittent.  the  total  volume  of  gas  is  increased. 
1'  nwy  easily  be  restored  lo  its  original  volume 
'ly  pouring  mercury  into  H.  When  the  mercury 
tn  the  la?^  tube  has  been  raised  to  the  level  fc, 
ihere  is  a  difference  Bo  in  the  level  of  the 
inemiry  in  the  t*n  tubes,  which  obviously  re- 
presents the  tension  of  the  vapour  ;  for  as  the 
iir  has  resumed  its  original  volume,  its  tension 
has  not  changed.  Now,  if  a  few  drops  of  ihe 
lame  liquid  be  passed  into  the  vacuum  of  a 
(»ri>metrie  tube,  a  depression  exactly  equal  to 
lio  is  produced,  which  proves  that,  for  the 
Mmc  temperature,  Ihe  tension  of  a  saturated 
lapour  is  Ihe  same  in  a  gas  as  in  a  vacuum  : 
from  which  it  is  concluded  that  at  the  same 
temperuure  the  quantity  of  vapour  is  also  the   1 

The  second  law  is  likewise  proved  by  this  '*'  '*'' 

experiment,  for,  when  the  mercury  has  regained  its  level,  the  mixture  sup- 
ponn  the  atmospheric  pressure  on  the  top  of  the  column  B.  in  addition  to 
ihe  weight  of  the  column  of  mercury  B  o.  But  of  these  two  pressures,  one 
rcptesmtts  the  tension  of  the  dry  air,  and  the  other  the  tension  of  the 
vapour.    The  second  law  is,  moreover,  a  necessary  consequence  of  the  first. 

Experiments  can  only  be  made  with  this  apparatus  at  ordinary  tempera- 
lures;  but  Regnault,  by  means  of  an  apparatus  which  can  be  used  at  different 
lernpcnlures.  investigated  the  tensions  of  ihe  vapours  of  water,  ether,  bisul- 
l^ide  of  carbon,  and  benzole,  both  in  a  vacuum  and  in  air  He  found  that 
the  tension  in  air  is  less  than  it  is  in  a  vacuum,  but  the  differences  are  so 
■malt  OS  not  to  invalidate  Dalton's  law.  Regnault  was  even  inclined  to 
consider  this  law  as  theoretically  true,  attributing  the  dilTerenccs  which  he 
DtHcrved  to  the  hygroscopic  properties  of  the  sides  of  the  tube. 

384.  Vrablnna  •■  mlxtoraa  at  ■>■<■  Knd  vapoiua. — i,  A  volume  of 
dry  air  V.  at  the  pressure  H,  being  given,  what  will  be  its  volume  V,  when 
ii  is  «atumted  with  vapour,  the  temperature  and  the  pressure  remaining  the 
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If  F  be  the  elastic  force  of  the  vapour-  which  saturates  the  air, 
latter,  in  the  mixture,  only  supports  a  pressure  equal  to  H  — F  (381).  l^ul 
by  Boyle's  law  the  volumes  V  and  V'  are  inversely  as  their  pr«ssur«^**i 
consequently 

-,   whence   V  — 


V"H-F'  H-F 


Ae 


ii.  Let  V  be  a  given  volume  of  saturated  air  at  the  pressure  H,  and 
temperature  /  ;  what  will  be  its  volume  V,  also  saturated,  at  the  pressure         " 
and  the  temperature  /'  ? 

If/be  the  maximum  tension  of  aqueous  vapour  at  /**,  and /'its  maxim^^*^® 
tension  at  /*,  the  air  alone  in  each  of  the  mixtures  V  and  V  will  be  resp)^^^^' 
tively  under  the  pressures  H  -/  and  H '  -/' ;  consequently,  assuming  fi  ^* 
that  the  temperature  is  constant,  we  obtain 

V-H'-/ 

But  as  the  volumes  V  and  V  of  air,  at  the  temperatures  t  and  /,  are  in 
ratio  of  i  «-  at'  to  i  +  at^  a  being  the  coefficient  of  the  expansion  of  air,  tl 
equation  becomes 

V      H'-f''  I  iat' 


he 
he 


us 


iii.  What  is  the.  weight  P  of  a  volume  of  air  V,  saturated  with  aque 
vapour  at  the  temperature  /  and  pressure  H  ? 

If  we  called  F  the  maximum  tension  of  the  vapour  at  /®,  the  tension  oft—   ^^ 
air  alone  will  be  H-F,  and  the  problem  reduces  itself  to  finding  :  ist,  cr  ^^ 
weight  of  V  cubic  inches  of  dr>'  air  at  /,  and  under  the  pressure  H  —  F  ;  a  '^^ 
2nd,  the  weight   of  V  cubic  inches  of  saturated  vapour  at  /®  under  c-^^ 
pressure  F. 

To  solve  the  first  part  of  the  problem,  we  know  that  a  cubic  inch  of  cl^'y 
air  at  0°  and  the  pressure  760  millimetres  weighs  0*31  grain,  and  that  at  >^t 

o"\\    (W  —  F^ 
and  the  pressure  H-F,  it  weighs  -  -^ — L^_^>' (332),  consequently  Vcul?^^ 

inches  of  dr)'  air  weigh 

(I  +at)  760 

To  obtain  the  weight  of  the  vapour,  the  weight  of  the  same  volume  of 
dr>'  air  at  the  same  temperature  and  pressure  must  be  sought,  and  this  is  to 
be  multiplied  by  the  relative  density  of  the  vapour.     Now  as  V  cubic  inches 

of  dry  air  at  Z®,  and  the  pressure  F,  weigh  ^^^^, — 7-,   V   cubic    inches  oi 

(1  -i  a/)  760 

aqueous  vapour,  whose  density  is  J  that  of  air  (385),  weigh 

0-3IXVF      5  .^ 

{i^atyjeo   8 ^' 

and  as  the  weight  P  is  equal  to  the  sum  of  the  weights  (i)  and  (2)  we  have 

p^o-3ixV(H-F)  ^    031  xVF  ,5^   o*3i^yr.m.5F^ 

(I  +  at)  760         (1+  a/)  760     8     (I  +  <?/)  760  ^        ^    ^' 
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SPHEROIDAL  CONDITION. 

»idenfrost*A  plienoinena. — Boutlrny's  ezperiments. — When 
:  thrown  upon  incandescent  metal  surfaces  they  present  remark- 
3mena,  which  were  first  observed  by.Leidenfrost  a  century  ago, 
been  named  after  their  discoverer.  They  have  since  then  been 
other  physicists,  and  more  especially  by  Boutigny. 
328  represents  an  interesting  method  of  illustrating  this.  F  is  a 
»er  flask  which  is  heated  to  dull  redness  over  a  spirit  lamp,  and 
lantity  of  boiling 
s  carefully  intro- 

cork  C  having 
y  fitted,  the  lamp 
I,  and  in  a  short 
is  formed  rapidly 
xplosive  violence 
out  the  cork. 
I  tolerably  thick 
>latinum  dish  is 
dness,  and  a  little 
viously  warmed, 
into  the  dish  by 
pipette,  the  liquid  ^'^'  3^8- 

pread  itself  out  on  the  dish,  and  does  not  moisten  it,  as  it  would 
inary  temperature,  but  assumes  the  form  of  a  flattened  globule, 

Boutigny  expresses  by  saying  that  it  has  passed  into  the  sphe- 
re.    It  rotates  rapidly  round  on  the  bottom  of  the  dish,  taking 

the  form  of  a  star,  and  not  only  does  it  not  boil,  but  its 
n  is  only  about  one-fiftieth  as  rapid  as  if  it  boiled.  As  the  dish 
dnt  is  reached  at  which  it  is  not  hot  enough  to  keep  the  water  in 
idal  state  ;  it  is  accordingly  moistened  by  the  liquid,  and  a  violent 
•uddenly  ensues. 

atile  liquids  can  assume  the  spheroidal  condition  ;  the  lowest 
c  at  which  it  can  be  produced  varies  with  each  liquid,  and  is 
itcd  the  higher  the  boiling  point  of  the  liquid.     For  water,  the 

have  at  least  a  temperature  of  200°;  for  alcohol,  134°;  and  for 

Tiperature  of  a  liquid  in  the  spheroidal  state  is  always  below  its 
at.  This  temperature  has  been  measured  by  Boutigny  by  means 
elicate  thermometer ;  but  his  method  is  not  free  from  objections, 
robable  that  the  temperatures  he  obtained  were  too  high.  He 
of  water  to  be  95°;  alcohol,  75° ;  ether,  34°  ;  and  liquid  sulphur- 
•  1 1°.  But  the  temperature  of  the  vapour  which  is  disengaged 
be  as  high  as  that  of  the  vessel  itself. 

opcrty  of  liquids  in  the  spheroidal  state  remaining  below  their 
nt  was  applied  by  Boutigny  in  a  remarkable  experiment,  that 
water  in  a  red-hot  crucible.  He  heated  a  platinum  dish  to 
iCSS,  and  placed  a  small  quantity  of  liquid  sulphurous  acid  in  it. 
itely  assumed  the  spheroidal  condition,  and  its  evaporation  was 
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remarkably  slow.  Its  temperature,  as  has  been  stated,  was  about  -  ii^,  and 
when  a  small  quantity  of  water  was  added,  it  immediately  solidified,  and  a 
small  piece  of  ice  could  be  thrown  out  of  the  red-hot  crucible.  In  a  similar 
manner  Faraday,  by  means  of  a  mixture  of  solid  carbonic  acid  and  ether, 
succeeded  in  freezing  mercury  in  a  red-hot  crucible. 

In  the  spheroidal  state  the  liquid  is  not  in  contact  with  the  vesseL 
Boutigny  proved  this  by  heating  a  silver  plate  placed  in  a  horizontal  position 
and  dropping  on  it  a  little  dark-coloured  water.  The  liquid  assumed  the 
spheroidal  condition,  and  the  flame  of  a  candle  placed  at  some  distance 
could  be  distinctly  seen  between  the  drop  and  the  plate.  If  a  plate  perforated 
by  several  fine  holes  be  heated,  a  liquid  will  assume  the  spheroidal  state 
when  projected  upon  it.  This  is  also  the  case  with  a  flat  helix  of  platinum 
wire  pressed  into  a  slightly  concave  shape.  An  experiment  of  another  class, 
due  to  Prof.  Church,  also  illustrates  the  same  fact.  A  polished  silver  dish 
is  made  red-hot,  and  a  few  drops  of  a  solution  of  sulphide  of  sodium  are  pro- 
jected on  it.  The  liquid  passes  into  the  spheroidal  condition,  and  the  silver 
undergoes  no  alteration.  Hut  if  the  dish  is  allowed  to  cool,  the  liquid  instantly 
moistens  it,  producing  a  dark  spot,  due  to  the  formation  of  sulphide  of  silver. 
In  like  manner  nitric  acid  assumes  the  spheroidal  state  when  projected  on  a 
heated  silver  plale,  and  docs  not  attack  the  metal  so  long  as  the  plate  remains 
hot. 

An  analogous  phenomenon  is  observed  when  potassium  is  placed  on 
water.  Hydrogen  is  liberated,  and  bums  with  a  yellow  flame  ;  hydrate  of 
potassium,  which  is  formed  at  the  same  time,  floats  on  the  surface  without 
touching  it,  owing  to  its  high  temperature.  In  a  short  time  it  cools  down,  and 
the  globule  coming  in  contact  with  water,  bursts  with  an  explosion. 

Similarly,  liquids  may  be  made  to  roll  upon  liquids,  and  solid  bodies 
which  vaporise  without  becoming  liquid,  also  assume  a  condition  analogous 
to  the  spheroidal  state  of  liquids  when  they  are  placed  on  a  surface  whose 
temperature  is  sufficiently  high  to  vaporise  them  rapidly.  This  is  seen  when 
a  piece  of  carbonate  of  ammonium  is  placed  in  a  red-hot  platinum  crucible. 

The  phenomena  of  the  spheroidal  state  seem  to  prove  that  the  liquid 
globule  rests  upon  a  sort  of  cushion  of  its  own  vapour,  produced  by  the  heat 
radiated  from  the  hot  surface  against  its  under  side.  As  fast  as  this  vapour 
escapes  from  under  the  globule,  its  place  is  supplied  by  a  fresh  quantity 
formed  in  the  same  way,  so  that  the  globule  is  constantly  buoyed  up  by  it, 
and  does  not  come  in  actual  contact  with  the  heated  surface.  When,  how- 
ever, the  temperature  of  the  latter  falls,  the  formation  of  vapour  at  the  under 
surface  becomes  less  and  less  rapid,  until  at  length  it  is  not  sufficient  to  pre- 
vent the  globule  touching  the  hot  metal  or  liquid  on  which  it  rests.  As  soon 
as  contact  occurs,  heat  is  rapidly  imparted  to  the  globule,  it  enters  into  ebul- 
lition, and  quickly  boils  away. 

This  explanation  is  confirmed  by  the  experiments  of  Budde,  who  found 
that  in  an  exhausted  receiver  water  passes  into  the  spheroidal  state,  even 
when  the  temperature  of  the  support  is  nor  more  than  80®  or  90° ;  for  then 
the  vapour  has  only  to  support  the  drop,  and  not  the  atmospheric  pressure 
also. 

These  experiments  on  the  spheroidal  state  explam  the  fact  that  the  hand 
may  be  dipped  into  melted  lead,  or  even  melted  iron,  without  injury.     It  is 
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necessary  that  the  liquid  meial  be  heated  greaily  above  its  solidifying  poin 
Ijsiully  the  natural  moisture  of  the  hand  is  sufficient,  biii  it  is  better  to  wip 
II  with  a  damp  doth.  In  consequence  of  the  great  heat  the  hand  becomes 
covered  with  a  layer  of  spheroidal  fluid,  which  prevents  the  contact  of  the 
metal  with  the  hand.  Radiant  heat  alone  operates,  and  this  is  principally 
expended  in  forming  aqueous  vapour  on  the  surface  of  the  hand.  If  the 
hand  is  immersed  in  boiling  water,  the  water  adheres  to  the  flesh,  and  con- 
sequently a  scald  is  produced. 

~ '  E  during  the  middle  ages,  of  men  who  could 

1  without  being 


The  tales  of  ordeals  by  fire 
run  barc-fnoted  over  red-hot  i 
injured,  arc   possibly   true   in 
would  find  an    explanation 
pbcnomena. 


the    preceding  K^^g 
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I  metbod. — The  d^n\ily 
mr  is  the  relation  between  the  weight 
^^  volume  of  this  vapour   and   that  of 

the  Same  volume  of  air  at  the  same  temperature 

and  pressure. 

Two   methods  principally  arc  used   in   de- 

lerniining  the  density  of  vapours  :  Gay-Lussac's, 

which  serves  for  liquids  that  boil  at  about   loo^ 

and  Dumas',  which  can  be  used  up  to  350°. 

Fig.  329  represents  the   apparatus   used   by 

(iay-Lussac.     It  consists  of  an  iron  vessel  con. 

uiaing  mercury,  in  which  there  is  a  glass  iv- 

rmder  M.     This  is  filled  with  water  or  oil.  and 

the  teniperatute  is  indicated   by  the   thermo- 

meier   T.     In  the  interior  of  the  cylinder   is  a  Fig.  315. 

graduated  gas  Jar  C,  which  at  first  is  filled  with  mercury. 

The  liquid  whose  vapour-density  is  to  be  determined  is  placed  in  a  small 

i;Ia»s  bulb  A,  represented  on  the  left  of  the  tigure.  The  bulb  is  then  sealed 
and  weighed  :  the  weight  of  the  liquid  taken  is  obviously  the  weight  of  the 
liulb  when  filled,  minus  its  weight  while  empty.  The  bulb  is  then  intro- 
tlured  into  the  jar  C,  and  the  liquid  in  M  gradually  heated  somewhat 
higher  than  the  boiling  point  of  the  liquid  in  the  bulb.  In  consequence  of 
the  expansion  of  this  liquid  the  bulb  breaks,  and  the  liquid  becoming  con- 
itftcd  into  vapour,  the  mercury  is  depressed,  as  represented  in  the  figure. 
The  bulb  must  be  so  small  that  all  the  liquid  in  it  is  vaporised.  The  volume 
of  the  vapour  is  civcn  by  the  graduation  on  the  jar.  Its  temperature  is 
indicitfed  by  the  thermometer  T,  and  the  pressure  is  shown  by  the  differ- 
rntc  between  the  height  of  the  barometer  at  the  time  of  the  observation 
Mtd  the  height  of  the  column  of  mercury  in  the  gas  jar.  It  is  only 
iec»«ary  then  to  calculate  the  weight  of  a  volume  of  air  equal  to  that  of 
Ihe  vapour  under  the  same  conditions  of  temperature  and  pressure.  The 
luotient,  obtained  by  dividing  the  weight  of  the  vapour  by  that  of  the  air, 
CivM  the  required  density  of  the  vapour. 
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Let  p  be  the  weight  ot  the  vapour  in  grains,  v  its  volume  in  cuImc  i 
and  /  its  lemperalure  ;  if  H  be  the  height  of  the  barometer,  and  k  I 
the  mercury  in  the  gas  lar,  the  pressure  on  the  vapour  will  be  H  ~k. 

It  is  required  to  find  the  weight /'of  a  volume  of  air  t',  at  the  la 
lure  /,  and  under  a  pressure  H  -A.  At  zero  under  a  pressure  of  76c 
metres,  a  cubic  inch  of  air  weighs  o'3i  grain;  consequently,  und 
same  condiiions,  v  cubic  inches  will  weigh  o'Jli'  |p^in.  And  th 
the  weight  of  v  cubic  inches  of  air,  at  t°  and  the  pressure  760  millimc 
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As  the  weight  of  a  volume  of  aii 
weight  may  be  reduced  to  the  pressure  H  —h  by  multiplying  by 


proportional  to  the  pressure,  tlu 

(H-<) 


(I  *at)  760 
for  the  weight  /'  of  the  volume  ol 
under  the  pressure  H—h  and  at^ 
sequently,  for   the    desired    dens 


p-    Oi\v(H-h) 
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has  materially  improved  the  mel 
Cay-Lussac  by  having  the  mcrcn: 
fb  in  which  the  vapour  is  produce! 
a  metre  in  length  (fig.  330) ;  it  is, 
a  barometer,  and  the  vapour  is 
in  the  Torricellian  vacuum.  Th 
is  surrounded  by  another  glass  t 
which  is  connected,  by  a  bent 
with  a  canister  e,  so  that  water, 
alcohol,  or  anihne,  or  indeed  an 
stance  with  a  constant  boiling  poh 
be  distilled  through  the  tube  a,  a 
vapour  issues  by  the  lube  </,  which 
nccied  with  a  condensing  arran, 
not  rcprcscnied  in  the  figure. 
«ay  more  constancy  in  the  tcmpe 
is  eiisurod  than  with  the  use  of  a  I) 
bath.  The  liquid  is  coniained 
minute  stoppered  tubes  /'  holdin; 

stoppers  come  out   in  the  vacuui 

"  '*'  "'■''*  the  tubes  can  be  used  over  and  ove: 

As,  under  the  above  conditions,  the  liquid  vaporises  into  a  vacui 

\apour  is  formed  under  a  very  much  lower  pressure  than  that  of  tb< 

sphere,  and  therefore  at  a  temperature  much  below  its  ordinary  boilin 
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Thui,  ihe  v'apour-densiiy  of  a  body  which  only  boils  at  a  temperature  of  1 50° 
c.ui  be  determined  at  tlie  temperature  of  boiling  water.  This  is  of  great  use 
m  the  case  of  those  bodies  which  decompose  at  their  boiling  point  under 
the  nrdinary  atmospheric  pressure. 

3SS,  SsiBka'  metbod.^ — The  original  method  of  Gay-Lussac  cannot  be 
»pp[ied  to  liquids  whose  boiling  point  exceeds  150°  or  160°.  In  order  to  raise 
ihf  oil  in  the  cyiinder  to  this  temperature  it  would  be  necessary  to  heat  the 
mercury  to  such  a  degree  that  the  mercurial  vapours  would  be  dangerous  to 
Iht  operator.  And,  moreover,  the  tension  of  the  mercurial  vapours  in  the 
RTxliated  jar  would  increase  the  tension  of  the  vapour  01  the  liquid,  and  so 
far  vitiate  the  result. 

The  following  method,  devised  by  Dumas,  can  be  used  up  lo  the  tem- 
perature at  which  glass  begins  to  soften  ;  that  is,  about  400".  A  glass 
globe  is  used  with  the  neck  drawn  out  to  a  fine  point  (fig.  331J.  The  globe, 
t'liiiK  been  dried  externally  and  internally,  is  weighed,  the  temperature  t 
fnif  barometric  height  h  being  noted.  This  weight,  W,  is  the  weight  of  the 
i'laM  (1  in  addition  to  /,  the  weight  of  the  air  it  contains.  The  globe  is 
tliRi  gently  wanned  and  its  point  immersed  in  the  liquid  whose  vapotir- 
•femity  is  to  be  determined  :  on  cooling,  the  air  contracts,  and  a  quantity 
uf  iiijuid  enters  the  globe.  The  globe  is  then  immersed  in  a  bath,  either 
'if  nil  or  fusible  metal,  according  10  the  tempera- 
ture 1(1  which  it  is  to  be  raised.  In  order  to  keep 
the  globe  in  a  vertical  position  a  metal  support, 
on  which  a  movable  rod  slides,  is  fixed  on  the 
lide  of  the  vessel.  This  rod  has  two  rings,  be- 
tween which  the  globe  is  placed,  as  shown  in  the 
lieure.  There  is  another  rod,  to  which  a  weight 
ffrennomeier,  D  (334),  is  attached. 

The  globe  and  thermometer  having  been  im- 
mersed in  the  bath,  the  latter  is  healed  until 
kliithtly  above  the  boiling  point  of  the  liquid  in 
the  globe.  The  vapiour  which  paises  out  by  ilu- 
point  expels  all  the  air  in  the  interior.  When 
the  jet  of  vapour  ceases,  which  is  the  case  when 
atl  the  liquid  has  been  converted  into  vapour,  the 
piHnt  of  the  globe  is  hermetically  sealed,  the 
trmperalure  of  the  bath  t\  and  the  barometric 
height  h\  being  note<l.     When  Ihe  globe  is  cooled  ^^^ 

n  b  carefully  cleaned  and  again  weighed.     This 

•eight,  W,  is  that  of  the  glass  G,  plus/',  the  weight  of  the  vapour  which  fills 
Ibe  globe  at  the  temperature  /'.  and  pressure  k',  or  W  -  G  +/'.  To  obtain 
Uk  weight  of  the  glass  alone,  the  weight/  of  air  must  be  known,  which  is 
tfelermined  in  Ibe  following  manner  : — The  point  of  the  globe  is  placed  under 
mcriury  and  the  extremity  broken  off  with  a  small  pair  of  pincers  :  the 
tapour  being  condensed,  a  vacuum  is  produced,  and  mercury  rushes  up, 
completely  filling  the  globe,  if,  in  the  experiment,  alt  the  air  has  been  com- 
plnely  expelled.  The  mercury  is  then  pioured  into  a  carefully  graduated 
ncawire,  which  gives  the  voltime  of  the  globe.  From  this  result,  the  volume 
I     «'  the  globe  at  the  temperature  /'  may  be  easily  calculated,  and  consequently 
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the  volume  of  the  vapour.  From  this  determination  of  the  volume  of  1 
globe,  the  weight  p  of  the  air  at  the  temperature  /  and  pressure  h  is  read 
calculated,  and  this  result  subtracted  from  W  gives  G,  the  weight  of  1 
glass.  Now  the  weight  of  the  vapour/'  is  W— G.  We  now  know  l 
weight  p'  of  a  given  volume  of  vapour  at  the  temperature  /'  and  pressure 
and  it  is  only  necessary  to  calculate  the  weight  p''  of  the  same  volume 
air  under  the  same  conditions,  which  is  easily  accomplished.    The  quoti< 

'2--  is  the  required  density  of  the  vapour. 

Deville  and  Troost  modified  Dumas'  method  so  that  it  can  be  used 
determining  the  vapour-density  of  liquids  with  very  high  boiling  poin 
The  globe  is  heated  in  an  iron  cylinder  in  the  vapour  of  mercury  or 
sulphur,  the  temperatures  of  which  are  constant  respectively  at  350**  and  44 
In  other  respects  the  determination  is  the  same  as  in  Dumas'  method. 

For  determinations  at  higher  temperatures,  Deville  and  Troost  e 
ployed  the  vapour  of  zinc,  the  temperature  of  which  is  1040°.  As  gi^ 
vessels  arc  softened  by  this  heat,  they  used  porcelain  globes  with  fin* 
drawn-out  necks,  which  are  sealed  by  means  of  the  oxyhydrogen  flame. 

In  the  case  of  substances  having  a  high  boiling  point,  Victor  Meyer  l 
advantageously  used  a  non-volatile  substance.  Wood's  fusible  alloy,  whi 
melts  at  70°,  instead  of  mercury.  Habermann  has  introduced  into  Dum 
method,  Hofmann's  modification  of  Gay-Lussac's,  by  connecting  the  op 
end  of  the  vessel  1]  (fig.  331)  with  a  space  in  which  a  partial  vacuum  is  ma< 
Thus  the  vapour-density  can  be  determined  for  tem[>eratures  far  below  t 
boiling  point. 

389.  Relation  of  vapour- density  to  moleoular  wel^lit.  Bissoei 
tion. — The  densities  of  vapours,  determined  at  temperatures  a  few  degrc 
above  their  boiling  points,  and  when  they  may  be  considered  as  perf< 
gases,  are  governed  by  a  simple  but  ver>'  important  law,  that  the  densii 
of  vapours  are  proportional  io  their  molecular  weights.  If  both  densit 
and  molecular  weights  arc  referred  to  the  same  standard,  that  of  hydrog 
being  taken  as  2  for  instance,  the  vapour  densities  are  equal  to  the  mc 
cular  weights.  If  the  density  of  air  is  taken  at  i,  that  of  hydrogen 
00693  =  jji,^j,„  and  hence  for  all  other  gases  and  superheated  vapours  1 
density  is  ^^-^^  of  the  molecular  weight. 

This  law  is  of  great  importance  in  chemistr>'  and  in  fixing  the  molecu 
weights  of  bodies,  more  especially  in  organic  chemistr>%  In  some  ca. 
exceptions  are  met  with  ;  these,  when  small,  may  be  ascribed  to  imperfect 
of  the  gaseous  state.  A  more  important  cause  is  the  following  : — When  £ 
ammoniac,  NH^Cl,  for  instance,  is  strongly  heated,  it  is  resolved  i^ 
ammonia,  NH3,  and  hydrochloric  acid,  HCl.  and  in  that  case  it  occupic 
volume  double  that  required  by  the  law.  But  even  at  temperatures  bel 
this  there  is  a  partial  decomposition,  so  that  the  vapour  consists  of  molecu 
of  sal-ammoniac,  mixed  with  molecules  of  free  hydrochloric  acid  and  of  f 
ammonia.  The  amount  of  decomposition  depends  on  the  temperature,  T 
for  the  same  temperature,  the  quantity  decomposed  is  in  a  constant  ratic 
that  temperature.  In  such  cases  the  vapour-density  is  said  to  be  abnorm^ 
and  this  partial  decomposition,  in  which  there  is  a  mixture  of  undecompof 
and  decomposed  molecules,  is  spoken  of  as  dissocioHan,   Thus,  sulphuric  ac 
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SO4H9  at  325^,  consists  of  one  half  undecomposed  molecules,  while  the  other 
half  decomposes  into  sulphuric  anyhydride  SO,  and  water  H^O. 


Densities  of  Vapours, 

Air      ...        . 

1*0004 

Vapour 

of  carbon  bisulphide    2-6447 

Vapour  of  water  . 

.    0-6225 

j» 

phosphorus 

.  4-3256 

,,        alcohol 

.     1-6138 

»» 

turpentine 

.  5*0130 

„        acetic  acid   . 

2-0800 

»» 

sulphur 

.  6*6542 

„        ether   . 

.    2-5860 

j^ 

mercury 

.  6-9760 

„        benzole 

.    2-729 

» 

iodine 

.  8-7160 

The  density  of  aqueous  vapour,  when  a  space  is  saturated  with  it,  is  at 
^  temperatures  |,  or,  more  accurately,  0*6225,  ^^  ^^  density  of  air  at  the 
same  temperature  and  pressure. 

39a  Brtation  beween  tbe  Tolnme  of  a  liquid  and  that  of  its  Tapour. 

The  density  of  vapour  being  known,  we  can  readily  calculate  the  ratio  be- 
tween the  volume  of  a  vapour  in  the  saturated  state  at  a  given  temperature, 
vkI  that  of  its  liquid  at  zero.  We  may  take,  as  an  example,  the  relation 
between  water  at  zero  and  steam  at  100°. 

The  ratio  between  the  weights  of  equal  volumes  of  air  at  zero,  and  the 
normal  barometric  pressure,  and  of  water  under  the  same  circumstances,  is 
tt  1 :  773.  But  from  what  has  been  already  said  (332),  the  density  of 
^  at  zero  is  to  its  density  at  100^  as  i  +  a/  :  i.  Hence  the  ratio  between  the 
^hts  of  equal  volumes  of  air  at  100^  and  water  at  o^  is 

773,  or  0-73178  :  m. 


I  +  0-003665  X  100 

Now  from  the  above  table  the  density  of  steam  at  100°  C. ,  and  the 
normal  pressure,  compared  with  that  of  air  under  the  same  circumstances, 
*5  as  0-62225  '  '•  Hence  the  ratio  between  the  weights  of  equal  volumes  of 
*team  at  100°  and  water  at  0°  is 

073178  X 0-6225  :  773,  or  04555  •  773j  or  i  :  1698. 
Therefore,  as  the  volumes  of  bodies  are  inversely  as  their,  densities,  one 
Volume  of  water  at  zero  expands  into  1,698  volumes  of  steam  at  100°  C. 
^^  practical  rule  that  a  cubic  inch  of  water  yields  a  cubic  foot  of  steam 
^ough  not  quite  accurate,  expresses  the  relation  in  a  convenient  form. 
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CHAPTER   VI 

HYGROMETRV. 

391.  ProvlBoe  of  liyrrometrj. — The  province  oi hygrometryis  to  deter- 
mine the  quantity  of  aqueous  vapour  contained  in  a  given  volume  of  air. 
This  quantity  is  very  variable ;  but  the  atmosphere  is  seldom  or  never 
completely  saturated  with  vapour,  even  in  our  climate.  Nor  is  it  ever  com- 
pletely dry  ;  for  if  hygrottietric  substances — that  is  to  say,  substances  with  a 
great  affinity  for  water,  such  as  chloride  of  calcium,  sulphuric  acid,  &c. — be 
at  any  time  exposed  to  the  air,  they  absorb  aqueous  vapour. 

392.  Byffrometrio  state. — As,  in  general,  the  air  is  never  saturated,  the 
ratio  of  the  quantity  of  aqueous  vapour  actually  present  in  the  atmosphere 
to  that  which  it  would  contain  if  it  were  saturated,  the  temperature  remaining 
the  same,  is  called  the  hygrometric  stafe,  or  degree  0/ saturation. 

The  absolute  moisture  is  measured  by  the  weight  of  water  actually  present 
in  the  form  of  vapour  in  the  unit  of  volume. 

We  say  the  *  air  is  dr>' '  when  water  evaporates  and  moist  objects  dry 
rapidly  ;  and  the  *  air  is  moist '  when  they  do  not  dry  rapidly,  and  when 
the  least  lowering  in  temperature  brings  about  deposits  of  moisture.  The 
air  is  dry  or  moist  according  as  it  is  more  or  less  distant  from  its  point 
of  saturation.  Our  judgment  is,  in  this  respect,  independent  of  the  absolute 
quantity  of  moisture  in  the  air.  Thus,  if  in  summer,  at  a  temperature  of 
25°  C,  we  find  that  each  cubic  metre  of  air  contains  13  grammes  of  vapour, 
we  say  it  is  very  dry,  for  at  this  temperature  it  could  contain  22*5  grammes. 
If,  on  the  other  hand,  in  winter  we  find  that  the  same  volume  contains 
6  grammes,  we  call  it  moist,  for  it  is  nearly  saturated  with  vapour,  and  the 
slightest  diminution  of  temperature  produces  a  deposit.  When  a  room  is 
warmed,  the  quantity  of  moisture  is  not  diminished,  but  the  humidity  of  the 
air  is  lessened,  because  its  point  of  saturation  is  raised.  The  air  may  thus 
become  so  dry  as  to  be  injurious  to  the  health,  and  hence  it  is  usual  to  place 
vessels  of  water  on  the  stoves  used  for  heating  in  France  and  Germany. 

As  Boyle's  law  applies  to  non-saturated  vapours  as  well  as  to  gases  (354), 
it  follows  that,  with  the  same  temperature  and  volume,  the  weight  of  vapour 
in  a  non- saturated  space  increases  with  the  pressure,  and  therefore  with  the 
tension  of  the  vapour  itself.  Instead,  therefore,  of  the  ratio  of  the  quantities 
of  vapour,  that  of  the  corresponding  tensions  may  be  substituted,  and  it  may 
be  said  that  the  hygrometric  state  is  the  ratio  of  the  elastic  force  of  the 
aqueous  vapour  which  the  air  actually  contains^  to  the  elastic  force  of  the 
vapour  'U'hich  it  would  contain  at  the  same  temperature  if  it  were  saturated. 

If/ is  the  actual  tension  of  aqueous  vapour  in  the  air,  and  F  that  of  satu- 
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e  temperature,  and  E  the  hygrometric  state,  we  have. 4 


-394] 

rated  vapour  a 

E  -  /  ;  whence/-  F 

As  a  consequence  of  this  second  detinition,  it  is  important  to  notice  that, 
the  temperature  having  varied,  the  air  may  contain  the  same  quantity  of 
t-apour  and  yet  not  have  the  same  hygrometric  state.  For,  when  the  tem- 
perature rises,  (he  tension  of  the  vapour  which  the  air  would  contain,  if  satu- 
rated, increases  mote  rapidly  than  the  tension  of  the  vapour  actually  present 
in  the  atmosphere,  and  hence  the  ratio  between  the  two  forces — that  is  to 
say,  the  hygrometric  stale— becomes  smaller. 

It  will  presently  be  explained  (401)  how  the  weight  of  the  vapour,  con- 
tained in  a  given  volume  of  air  may  be  deduced  from  the  hygror 

393.  Different  kind*  at  tijtTaaMav.^Nygrometers  are  1 
for  measuring  the  hygrometric  state  of  the  air.     There  are  numerous  | 
varieties  of  them— chemical  hygrometers,  condensing  hygrometer 
psychrometers. 

394.  CIi«mleal  byKTometer. — The  method  of  the  chemical  hygrometer  J 
contists  in  passing  a  known  volume  of  air  over  a  substance  which  readily  \ 
absorbs  moisture — chloride  of  calcium,  for  instance.  The  substance  having  1 
been  weighed  before  the  passage  of  air,  and  then  afterwards,  the  increase  I 
ID  "reight  represents  the  amount  of  aqueous  vapour  present  in  the  air.  By  I 
means  of  the  apparatus  represented  in  lig.  332,  it  is  possible  to  examine  any  J 
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tube,  is  connected  with  two  tubes  M  and  N,  filled  either  with  chloride 
calcium,  or  with  pumice-stone  impregnated  with  sulphuric  acid.  The  first 
absorbs  the  vapours  in  the  air  dra>^Ti  through,  while  the  other,  M,  stops  any 
vapour  which  might  diffuse  from  the  reservoirs  into  the  tube  N. 

The  lower  reser\'oir  being  full  of  water,  and  the  upper  one  of  air,  the 
apparatus  is  inverted  so  that  the  liquid  flows  slowly  from  A  to  B.  A  vacuum 
being  formed  in  A,  air  enters  by  the  tubes  N  M,  in  the  first  of  which  all  the 
vapour  is  absorijcd.  When  all  the  water  is  run  into  B  it  is  inverted  ;  the 
same  flow  recommences,  and  the  same  volume  of  air  is  'drawn  through 
the  tube  N.  Thus,  if  each  reservoir  holds  a  gallon,  for  example,  and  the 
apparatus  has  been  turned  five  times,  6  gallons  of  air  have  traversed  the 
tube  N,  and  have  been  dried.  If  then,  before  the  experiment,  the  tube  with 
its  contents  has  been  weighed,  the  increase  of  weight  gives  the  weight  of 
aqueous  vapour  present  in  6  gallons  of  air  at  the  time  of  the  experiment. 

Edelmann  has  devised  a  new  form  of  hygrometer,  the  principle  of  which 
is  to  enclose  a  given  volume  of  air,  and  then  to  absorb  the  aqueous  vapour 
present  by  means  of  strong  sulphuric  acid  ;  in  this  way  a  diminution  in  the 
pressure  is  produced  which  is  determined,  and  which  is  a  direct  measure  of 
the  tension /"of  the  aqueous  vapour  previously  present. 

395.  Condenslnr  hygrTometer*. — When  ?  body  gradually  cools  in  a 
moist  atmosphere,  as,  for  instance,  when  a  lump  of  ice  is  placed  in  water 
contained  in  a  polished  metal  vessel,  the  layer  of  air  in  immediate  contart 

with  it  cools  also,  and  a  point  is  ultimately 
reached  at  which  the  vapour  present  is  just 
/  sufficient  to  saturate  the  air ;  the  least  dimi- 
nution of  temperature  then  causes  a  pre- 
cipitation of  moisture  on  the  vessel  in  the 
form  of  dew.  When  the  temperature  rises 
again,  the  dew  disappears.  The  mean  of 
these  two  temperatures  is  taken  as  the  dew- 
pointy  and  the  object  of  condensing  hygro- 
meters is  to  observe  this  point.  DanielFs 
and  Regnault's  hygrometers  belong  to  this 
class. 

396.  Banlell'B  liyffroineter. — This  con- 
sists of  two  glass  bulbs  at  the  extremities  of 
a  glass  tube  bent  twice  (fig.  333).  The  bulb 
A  is  two-thirds  full  of  ether,  and  a  ver>'  deli- 
cate thermometer  plunges  in  it ;  the  rest  of 
the  space  contains  nothing  but  the  vapour 
of  ether,  the  ether  having  been  boiled  before 
the  bulb  H  was  sealed.  The  bulb  B  is  covered 
with  muslin  and  ether  is  dropped  upon  it. 
The  ether  in  evaporating  cools  the  bulb, 
and  the  vapour  contained  in  it  is  condensed. 
The  internal  tension  being  thus  diminished, 
the  ether  in  A  forms  vapour  which  condenses  in  the  other  bulb  B.  In 
proportion  as  the  liquid  distils  from  the  lower  to  the  upper  bulb,  the  ether 
in  A  becomes  cooler,  and  ultimately  the  temperature  of  the  air  in  immediate 
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rantaa  with  A  sinks  to  that  point  at  whicli  ils  vapour  ia  more  than  sufficient 
<(■  siiurate  it,  and  it  is,  accordingly,  deposited  on  the  outside  as  a  ring  of  dew 
corresponding  to  the  surface  of  the  ether.  The  temperature  of  this  point  is 
noitd  by  means  of  Ihe  thermometer  in  ihe  inside.  The  addition  of  ether  to 
the  bulb  B  is  then  discontinued,  the  temperature  of  A  rises  and  the  tempera- 
ture al  which  the  dew  disappears  is  noted.  In  order  to  render  the  deposition 
of  dcH  more  perceptible,  the  bulb  A  is  made  of  black  glass. 

Thtse  (wo  points  having  been  determined,  their  mean  is  taken  as  that  of 
the  dew.point.  The  temperature  of  the  air  at  the  time  of  the  e.vperiment  is 
iiidiaied  by  the  thermometer  on  the  stem.  The  tension  y;  corresponding  to 
ihe  teniperatiire  of  the  deiv-point,  is  then  found  in  the  table  of  tensions  (358). 
This  tension  is  exactly  that  of  the  vapour  present  in  the  air  at  the  time  of 
thf  «ipcriment.  The  tension  F  of  vapour  saturated  at  the  temperature  of 
tht  atmosphere  is  found  by  means  of  the  same  table  ;  the  quotient  obtained 
by  dividing /by  F  represents  the  hygrometric  state  of  the  air  (392).  For 
inst»nce,  the  temperature  of  the  air  being  15°,  suppose  the  dew-point  is  5°. 
^fomthe  table  the  corresponding  tensions  are /=  6534  millimetres,  and 
F-ii-699  millimetres,  which  gives  o'Si4  for  the  ratio  of/to  F,  or  the 
hjifomettic  state. 

There  are  many  sources  of  error  in  DanicU's  hygrometer.  The  principal 
W ;  Isi,  that  as  the  evaporation  in  the  bulb  A  only  cools  the  liquid  on  the 
•uriwe,  the  thermometer  dipping  on  it  does  not  exactly  give  the  dew-point ; 
nd,  ihai  the  observer 
Handing  near  the  in- 
Rnunenl  modilics  the 
hygrometric  state  of 
the  sutmunding  air, 
II  BcU  as  its  tempcra- 
lute;  the  cold  ether 
lapour  also  flowing 
frum  the  upper  bulb 
nuy  cause  Inaccuracy. 

hysfwiBvur-  —  Riig- 

naull'i  hygrometer  is 

free  from  the  sources 

of  error  incidental  to 

ihc   use   of   Uaniell's. 

Ii  consbtsof  two  very 

thin    polished    silver 

thimbles  17;  inch  in 

bctght,  iiad  075  inch 

u)  diameter  ((ig.  334J. 

In  ihc*e  *re  Axed  two 

)Etast  tubes,  D  and  E, 

in  C4ch  of  which  is  a 

ihcrmoracler.     A  bent  lube.  A,  open  at  both  ends,  passes  through  the  cork 

of  ihe  tube  D,  and  reaches  nearly  10  the  bottom  of  the  ihimble.     There  ' 

luboluieon  the  side  of  U,  fitting  in  a  brass  tube  which  forms 
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the  apparatus.  The  end  of  this  tube  is  connected  with  an  aspirator  G.  Hie 
tube  E  is  not  connected  with  the  aspirator ;  its  thermometer  simply  indicates 
the  temperature  of  the  atmosphere. 

The  lube  D  is  then  half-filled  with  ether,  and  the  stopcock  of  the  aspirator 
opened.  The  water  contained  in  it  runs  out,  and  just  as  much  air  enters 
through  the  tube  A,  bubbling  through  the  ether,  and  causing  it  to  evaporate. 
This  evaporation  produces  a  diminution  of  lemperature,  so  that  dew  is  de- 
posited on  the  silver  just  as  on  the  bulb  in  Daniell's  hygrometer  ;  the  ther- 
mometer T  is  then  instantly  to  be  read,  and  the  stream  from  the  aspirator 
stopped.  The  dew  will  soon  disappear  again,  and  the  thermometer  T  is 
again  to  be  read  ;  the  mean  of  the  two  readings  is  taken  ;  the  thermometer 
/  gives  the  corresponding  temperature  of  the  air,  and  hence  there  are  all  the 
elements  necessary  for  calculating  the  hygrometric  state. 

As  in  this  instrument  all  the  ether  is  at  the  same  temperature  in  con- 
sequence of  the  agitation,  and  the  temperatures  are  read  off  at  a  distance 
by  means  of  a  telescope,  the  sources  of  error  in  Daniell's  hygrometer  are 
avoided. 

A  much  simpler  form  of  the  apparatus  may  be  constructed  out  of  a 
common  test-tube  containing  a  depth  of  i^  inch  of  ether.  The  tube  is 
provided  with  a  loosely  fitting  cork  in  which  is  a  delicate  thermometer  and 
a  narrow  hcnl  lube  dipping  in  the  ether.  On  blowing  into  the  ether,  through 
a  caoutchouc  tube  of  considerable  length,  a  diminlition  of  temperature  is 
caused,  and  dew  is  ultimately  deposited  on  the  glass  ;  after  a  little  practice 
the  whole  process  can  be  conducted  almost  as  well  as  with  Regnault's  more 
complete  instrument.  The  temperature  of  the  air  is  indicated 
~  by  a  detached  thermometer. 

39S,  VBjobrometer.  'Wot-bolb  taTfroiiiater. — A  moist 
body  evaporates  in  the  air  more  rapidly  in  proportion  as  the 
air  is  drier,  and  the  temperature  of  the  body  sinks  in  conse- 
quence of  this  e^'aporalion.  The  psychrometer,  or  ■wet-bulb 
hygrometer,  is  based  on  this  principle,  the  application  of  which 
to  this  purpose  was  first  suggested  by  Leslie.  *  The  form 
usually  adopted  in  this  country  is  due  to  Mason.  It  consists 
of  two  delicate  thermometers  placed  on  a  wooden  stand  (fig. 
335).  One  of  the  bulbs  is  co\'ered  with  muslin,  and  is  kepi 
continuady  moist  by  being  connected  with  a  reservoir  of  water 
by  means  of  a  siring.  Unless  the  air  is  saturated  with  moisture 
the  wet  bulb  thermometer  always  indicates  a  lower  temperature 
than  the  other,  and  the  diiference  between  the  indications  of 
J  jlx  I  ,  the  two  thermometers  is  greater  in  proportion  as  the  air  can 
"r  \*  take  up  more  moisture.  The  tension  e  of  the  aqueous  vapour 
in  the  atmosphere  may  be  calculated  from  the  indications  of 
the  two  thermometers  by  means  of  the  following  empirical 
formula  : — 

f  =  f'-o-00077  (/-/,)/;, 


which  c'  is  the 
temperature  of  the  « 
height,  and  /  and  /'  the  respectiv 


tension  corresponding  10  the 
t.bulb  Ihermomeicr,  h  is  the  barometric 
temperatures  of  the  dry  and  wet  bulb 
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tliennometers.     If,  for  example,  A -750  millimetres,  /-  i5**C.,  /*«  10^  C. ; 
according  to  the  table  of  tensions  (358),  ^«  9*165,  and  we  have 

e  -  9*165  -  0*00077  X  5  X  750  «  6-278. 

This  tension  corresponds  to  a  dew-point  of  about  4*5®  C.  If  the  air  had 
been  saturated,  the  tension  would  have  been  12*699,  ^"^  the  air  is  therefore 
about  half-saturated  with  moisture. 

This  formula  expresses  the  result  with  tolerable  accuracy,  but  the  above 
constant  0*00077  requires  to  be  controlled  for  different  positions  of  the  instru- 
ment ;  in  small  closed  rooms  it  is  0*00128,  in  large  rooms  it  is  O'ooioo,  and 
in  the  open  air  without  wind  it  is  0*00090  ;  the  number  0*00077  is  its  value 
in  a  large  room  with  open  windows.  Regnault  found  that  the  difference 
in  temperature  of  the  two  bulbs  depends  on  the  rapidity  of  the  current  of 
air ;  he  also  found  that  at  a  low  temperature,  and  in  very  moist  air,  the 
results  obtained  with  the  psychrometer  differed  from  those  yielded  by  his 
hygrometer.  It  is  probable  that  the  indications  of  the  psychrometer  are 
only  true  for  mean  and  high  temperatures,  and  when  the  atmosphere  is  not 
too  moist. 

According  to  Glaisher  the  temperature  of  the  dew-point  may  be  obtained 
by  multiplying  the  difference  between  the  temperatures  of  the  wet  and  dry 
bulb  by  a  constant  depending  on  the  temperature  of  the  air  at  the  time  of 
observation,  and  subtracting  the  product  thus  obtained  from  this  last-named 
temperature.     The  following  are  the  numbers  :  — 

r 


!                Dry  bulb 
,          Temperature  F.* 

Factor 

Dry  bulb 
Temperature  F.^ 

34  to  35 

Factor 

Below  24° 

1            8-5 

2-8 

24  to  25 

1            ^'9 

35—40 

2*5 

25—26 

'            6*5 

40—45 

26—27 

1            6*1 

45—50 

2*1 

27—28 

'            5-6 

50-55 

20 

28—29 

1            51 

55-60 

1-9 

29—30 

4*6 

60—65 

1-8 

30-31 

41 

65—70 

1-8 

31—32 

37 

70-75 

17 

32—33 

3  3 

75-80 

17 

33—34 

30 

80-85 

1-6 

TTiesc  are  often  known  as  Giaisher's  factors. 

A  formula  frequently  used  in  this  country  is  that  given  by  Dr.  Apjohn 
It  is 

■y -  oT.  ^  —  J  or  F  =/ — >  X  — 
•^     88     30'  -^     96     30 

»n  which  d  is  the  difference  of  the  wet  and  dry  bulb  thermometers  in 
^(ihrenheit  degrees ;  h  the  barometric  height  in  inches  ;  /  the  tension  of 
vapour  for  the  temperature  of  the  wet  bulb,  and  F  the  elastic  force  of  vapour 
3t  the  dew-point,  from  which  the  dew  point  may  if  necessary  be  found  from 
*he  tables.  The  constant  coefficient  88,  for  the  specific  heats  of  air  and 
aqueous  vapour,  is  to  be  used  when  the  reading  of  the  wet  bulb  is  above  32° 
^•}  and  96  when  it  is  below. 
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399.  Rjrrometera  sf  «b*orpaon.— These  hygrometers  are  based  on 
the  property  which  or^nic  substances  have  of  elongating  when  tnoist,  and 
of  again  contracting  as  they  become  dry.  The  most  common  form  is  the 
hair  or  Saussur^s  hyp-ometer. 

It  consists  of  a  brass  frame  (fig.  336),  on  which  is  fixed  a  hair,  e,  fostcned 
at  its  upper  extremity  in  a  clamp,  a,  provided  with  a  screw,  d.     This  clamp 
is  moved  by  a  screw,  d.    The  lower  part  of  the  hair  passes 
round  a  pulley,  o,  and  supports  a  small  weight,^.     On  the 
pulley  there   is  a  needle,  which  moves  along  a  graduated 
■^   scale.     When  the  hair  becomes  shorter  the  needle  rises, 
I   when  it  becomes  longer  the  weight/  makes  it  sink. 

The  scale  is  graduated  by  calling  that  point  lero  at  which 
the  needle  would  stand  if  the  air  were  completely  dry,  and 
»  the  point  at  which  it  stands  in  air  completely  saturated 
ith  moisture.  The  distMce  between  these  points  is  divided 
to  100  equal  degrees. 
Regnault  devoted  much  study  in  order  to  render  the 
hair  hygrometer  scieniifically  useful,  but  without  much 
ccess.  The  utmost  that  can  be  claimed  for  it  is  that  it 
n  be  used  as  a  hygroscope  ;  thai  is,  an  instrument  which 
)h*  shows  approximately  whether  the  air  is  more  or  less  moist, 
'I  without  giving  any  indication  as  to  (he  quantity  of  moisture 
I  piesent.  To  this  class  of  hygroscopes  belong  the  chimney 
nents,one  of  the  most  common  forms  of  which  is  that 
J  of  a  small  male  and  female  figure,  so  arranged  in  reference 
to  a  lillle  house,  with  two  doors,  that  when  it  is  moist  the 
t,  and  the  woman  goes  in,  and  I'ice  versd  when  it  is  line.  They 
are  founded  on  the  property  which  twisted  strings  or  pieces  of  catgut  possess 
of  untwisting  when  moist,  and  of  twisting  when  dry.  As  these  hygroscopes 
only  change  slowly,  their  indications  are  always  behindhand  with  the  stale 
of  the  weather  ;  nor  are  they,  moreover,  very  exact. 

400.  BIolBtare  of  the  atmoapbere. — The  absolute  moisture  varies  with 
the  temperature  both  in  the  course  of  the  year  and  of  the  day. 
there  is  a  maximum  at  eight  in  the  morning  and  evening,  and  a  n 
3  P.M.  and  at  3  A.M.,  because  the  ascendingcurrent  of  air  carries  il 
upwards.  The  absolute  moisture  is  greatest  in  the  tropics,  where  it  represents 
a  pressure  of  25""",  while  in  our  latitudes  il  does  not  exceed  io""°.  The 
relative  moisture,  on  the  other  hand,  is  at  its  minimum  in  the  hottest  and 
at  its  maximum  in  the  coolest  part  of  the  day.  It  varies  also  in  different 
regions.  It  is  greater  in  the  centre  of  continents  than  it  is  on  the  sea  or 
the  sea  coast.  Thai  the  dryness  increases  with  the  distance  from  the  sea  is 
shown  by  the  clearer  skies  of  continental  regions.  In  Platowskya  in  Siberia 
the  air,  at  a  temperature  of  24°,  was  found  to  contain  a  quantity  of  moisture 
only  sufficient  10  saturate  il  at  -3°  ;  the  air  might  therefoie  have  been  cooled 
through  17°  without  any  deposit  of  moisture.  In  some  parts  of  East  Africa 
the  springs  of  powder-flasks  exposed  to  the  damp  snap  like  twisted  quills  ; 
on  the  contrary,  paper  becomes  soft  and  sloppy  by  the  loss  of  its  glaie  ;  and 
gunpowder,  if  not  kept  hermetically  sealed,  refuses  to  ignite.  On  the  oiher 
hand  in  North  America,  where  the  south-west  winds  blow  over  large  tracts 
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of  land,  the  relative  moisture  is  less  than  in  Europe  ;  evaporation  is  there 
(ar  more  rapid  than  in  Europe  ;  clothes  dry  quickly,  bread  soon  becomes 
hard,  newly  built  houses  can  be  at  once  inhabited,  European  pianos  soon 
give  way  there,  while  American  ones  are  very  durable  on  this  side  of  the 
ocean.  As  regards  the  animal  economy,  the  liquids  evaporate  more  rapidly, 
by  which  the  circulation  and  the  assimilation  is  accelerated,  and  the  whole 
character  is  more  nervous.  For  evaporation  is  quicker  the  drier  the  air,  and 
the  more  frequently  it  is  renewed ;  it  is,  moreover,  more  rapid  the  higher 
the  temperature,  and  the  less  the  pressure.  This  is  not  in  disaccord  with  the 
statement  that  the  quantity  of  vapour  which  saturates  a  given  space  is  the 
same  however  this  be  filled  with  air ;  a  certain  space  takes  up  the  same 
weight  of  vapour  whether  it  is  vacuous,  or  filled  with  rarefied  or  dense  air  ; 
the  saturation  with  vapour  takes  place  the  more  rapidly  the  smaller  the 
pressure  of  the  air. 

401.  Problem  on  liyrrometiir. — To  calculate  the  weight  P  of  a  volume 
of  moist  air  V,  the  hygrometric  state  of  which  is  E,  the  temperature  /,  and 
the  pressure  H,  the  density  of  the  vapour  being  J  that  of  air. 

From  the  second  law  of  the  mixture  of  gases  and  vapours,  it  will  be  seen 
that  the  moist  air  is  nothing  more  than  a  mixture  of  V  cubic  inches  of  dry 
^r  at  /*,  under  the  pressure  H  minus  that  of  the  vapour,  and  of  V  cubic 
inches  of  vapour  at  f*  and  the  tension  given  by  the  hygrometric  state  ;  these 
two  values  must,  therefore,  be  found  separately. 

The  formula/"-  F  x  E  (392)  gives  the  tension  /  of  the  vapour  in  the  air, 
for  E  has  been  determined,  and  F  is  found  from  the  tables.  The  tension/" 
being  known,  xif  is  the  tension  of  the  air,/+/^=  H,  from  which 

/'-H-/=H-FE. 

The  question  consequently  resolves  itself  into  calculating  the  weight  of 
V  cubic  inches  of  dry  air  at  /°,  and  the  pressure  H  —  FE,  and  then  that  of  V 
cubic  inches  of  aqueous  vapour  also  at  /°,  but  under  the  pressure  FE. 

Now  V   cubic  inches   of   dry  air  under  the  given   conditions   weigh 

0*11  V  CH  —  FE) 

— '-,  and  we  readily  see  from  problem  III.  art.  384  that  V 

(i-i-a/}  760      '  ^  ^  ^  ^ 

cubic  inches  of  vapour  at  /°,  and  the  pressure  FE,  weigh  ^x — ^ - 

^  ^  *         *     8     (i+ci076o- 

Adding  these  two  weights,  and  reducing,  we  get 

p^o-31  V(H-»FE) 

(l  -rat)  760 

If  the  air  were  saturated  we  should  have  E-  i,  and  the  formula  would  thus 
be  changed  into  that  already  found  for  the  mixture  of  gases  and  saturated 
vapours  (384). 

This  formula  contains,  besides  the  weight  P,  many  variable  quantities  \\ 
E,  H,  and  /,  and  consequently,  by  taking  successively  each  of  these  quantities 
as  unknown,  as  many  different  problems  might  be  proposed. 

402.  Correction  for  the  loss  of  welirl&t  experienced  bj  bodies  weigrbed 
in  tlie  air. — It  has  been  seen  in  speaking  of  the  balance  that  the  weight 
which  it  indicates  is  only  an  apparent  weight,  and  is  less  than  the  real 
Height.    The  latter  may  be  deduced  from  the  former  when  it  is  remembered 


344  On  Heat  [40S- 

that  every  body  weighed  in  the  air  loses  a  weight  eqnal  to  that  of  the  dis- 
placed air  (195).  This  problem  is,  however,  very  complicated,  for  not  only 
does  the  weight  of  the  displaced  air  vary  with  the  temperature,  the  pres- 
sure, and  the  hygrometric  state,  but  the  volume  of  the  body  to  be  weighed, 
and  that  of  the  weights,  vary  also  with  the  temperature  ;  so  that  a  double 
correction  has  to  be  made  ;  one  relative  to  the  weights^  the  other  to  the  body 
weighed. 

Correction  relative  to  the  weights. — In  order  to  make  this  correction  let 
P  be  their  weight  in  air,  and  n  their  weight  in  vacuo ;  further,  let  V  be 
ihe  volume  of  these  weights  at  0°,  D  the  density  of  the  substance  of  which 
they  are  made,  and  K  its  coefficient  of  linear  expansion. 

The  volume  V  becomes  V  (i  +  3K/)  at  /^,  hence  this  is  the  volume  of  air 
displaced  by  the  weights.  If  ft  be  the  weight  of  a  cubic  inch  of  air  at  /,  and 
the  pressure  H  at  the  time  of  weighing,  we  have 

P  =  n-/iV(i+3K/). 
From  the  formula  P-VD   (125)  V  may  be  replaced  by  ?,  and  the 

formula  becomes 

X  =  n[i   -''<'  •^p3K/)-[     ....(,) 

which  gives  the  value,  in  air,  of  a  weight  n,  when  /x  is  replaced  by  its  value. 
But  since  ^  is  the  weight  of  a  cubic  inch  of  air  more  or -less  moist,  at  the 
temperature  t  and  the  pressure  H,  its  value  may  be  calculated  by  means  of 
the  formula  in  the  foregoing  paragraph. 

Correction  relative  to  the  body  weighed. — Let  p  be  the  apparent  weight  of 
the  body  to  be  weighed,  tt  its  real  weight  in  vacuoy  d  its  density,  k  its  co- 
efficient of  expansion,  and  /  its  temperature  ;  by  the  same  reasoning  as  above 
we  have 


"[■  -^^^^]  .    .     .     .     w 


By  using  the  method  of  double  weighing,  and  of  a  counterpoise  whose 
apparent  weight  is  /',  the  real  weight  tt',  the  density  //',  and  the  coefficient  k\ 
and  assuming  that  the  pressure  does  not  change,  which  is  usually  the  case, 
we  have  again 

^'  =  .'[,   _Ki^^3^0]     ....        (3) 

If  a  and  b  are  the  two  arms  of  the  beam,  we  have  in  the  first  weighing  ap  ^pb ; 
and  in  the  second  a?  «  bp^  whence  /  =  P.  Replacing  P  and  p  by  their  values 
deduced  from  the  above  equations,  we  have 

D 
whence  tt  «  n 

i-./i_(L+3^) 

d' 

which  solves  the  problem 
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CHAPTER   VII. 

V  OF  SOLIDS,   LIQUIDS,  AND  CASES. 

403-  Tr*«HDlMion  or  b«>t.— When  wc  stand  at  a  little  distance  from  a 
fite  or  other  source  of  heat  we  experience  the  sensation  of  warmth.  The 
hut  is  not  transmitted  by  the  intervening  air ;  it  passes  through  it  without 
losing  its  temperature,  for  if  we  place  a  screen  before  the  fire  the  sensation 
(*»es  to  be  fell.  The  heat  from  the  sun  reaches  us  in  the  same  manner, 
The  heal,  which,  as  in  this  case,  is  transrnitted  to  a  body  from  the  source  of 
heat  wiihouc  affecting  the  temperature  of  the  intervening  medium,  is  said  to 
bt  radiattd. 

That  heat  can  be  transmitted  through  a  medium  without  raising  its  tem- 
perature is  proved  by  a  remarkable  experiment  of  Prevost  in  iSiJ.  Water 
Irotn  a  spring  was  allowed  to  fall  in  a  thin  sheet ;  on  one  side  of  this  was  held 
a  red-hot  iron  ball,  and  on  the  other  a  delicate  thermometer.  The  tempera- 
ture of  the  latter  was  observed  to  rise  steadily,  a  result  which  could  not  have 
l>Mo  due  to  any  heating  effect  of  the  water  itself,  as  this  was  cold,  and  was 
continually  renewed.  It  could  only  have  been  due  to  heat  which  traversed 
ihe  w'ater  without  raising  its  temperature.  A  similar  experiment  has  been 
^^*Ak  by  a  hollow  glass  lens  through  which  cold  water  flowed  in  a  constant 
sireaitL  The  sun's  rays  concentrated  by  this  arrangement  ignited  a  piece  of 
■"od  placed  in  the  focus. 

Heat  is  transmitted  in  another  way.  When  the  end  of  a  metal  bar  is 
heiied,  a  certain  increase  of  temperature  is  presently  observed  along  the 
)>*r  Where  the  heat  is  transmitted  in  the  mass  of  the  body  itself,  as  in  this 
^^  it  is  said  to  be  conducted.  We  shall  first  consider  the  transmission  of 
heat  by  conduaion 

404.  OoBdnotlTltr  or  •oUda.— Bodies  conduct  heat  with  different  de- 
Ertts  of  facility.  Good  conductors  are  those 
''liich  readily  transmit  heat,  such  as  are  the 
"iMals ;  while  bad  conductors,  to  which  class 
t^iong  the  resins,  glass,  wood,  and 
'specially  liquids  and  gases,  offer  a  greater  or 
'"s  resistance  to  the  transmission  of  heal. 

In  order  to  compare  roughly  the  conducting 
V^'*^t  or  conductivity  ai  different  solids,  Ingen- 
hiiis  constructed  the  apparatus  which  bears  his 
"^me  .md  which  is  represented  in  fig.  337.  It 
in  which,  by  means  of  lubu- 
ire  fixed  rods  of  the  s 

L,  copper,  wood,  glass.     The 
1  (he  trough,  and  the  part?  outside  an 


"  a  metal  trough, 
'"res  and  corks,  1 
inaierials;   for 
a  sl^ht  distance 


.  but  of  different 
e  rods  extend  to 
coaled  with  wax 
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which  mehs  at  6i°.  The  box  being  filled  with  boiling  water,  it  is  observed 
that  the  wax  melts  to  a  certain  distance  on  the  metal  rods,  while  on  the 
others  there  is  no  trace  of  fusion.  The  conducting  power  is  evidently 
greater  in  proportion  as  the  wax  has  fused  to  a  greater  distance.  The 
experiment  is  sometimes  modified  by  attaching  glass  balls  or  marbles  to 
the  ends  of  the  rods  by  means  of  wax.  As  the  wax  melts,  the  balls  drop 
off,  and  this  in  the  order  of  their  respective  conductivities.  The  quickness 
with  which  melting  takes  place  is,  however,  only  a  measure  of  the  conduct- 
ing  power,  in  case  the  metals  have  the  same  or  nearly  the  same  specific  heat. 
Uesprelz  compared  the  conducting  powers  of  solids  by  forming  them  into 
bars  (fig.  338),  in  which  small  cavities  are   made  at  short  intervals  ;  these 


cavities  contain  mercury,  and  a  delicate  thermometer  is  placed  in  each  of 
them.  Such  a  bar,  A  B,  is  exposed  at  one  end  10a  constant  source  of  heat,  such 
as  that  of  a  bath  of  paraffin  or  of  fusible  metal  heated  by  a  Bunsen's  burner ; 
the  thermometers  gradually  rise  until  they  indicate  fixed  temperatures,  which 
are  less  according  as  the  thermometers  are  farther  from  the  source  of  heat. 
By  this  method  Desprelz  verified  the  following  law  -.—If  the  distances 
ii,a\,a„  ....  a,i/rom  ilie  source  0/ heal  increase  in  arithmetical  progres- 
sion, Ihi  excess  of  tiniperaiiire  over  that  of  the  surrounding  air,  I,  /„  tn  .  .  .  . 
t,„  decreases  in  geomettical progression. 

This  law,  however;  only  prevails   in  the  case  of  very  good  conductors, 
such  as  gold,  platinum,  silver,  and  copper  ;  it  is  only  approximately  true  for 
iron,  zinc,  lead,  and  tin,  and  does  no 
such  as  marble,  porcelain,  &c. 

Taking  the  conducting  power  of  j 
following  table  of  conductivities  : — 

Platinum  .        .  .981 

Silver        ....     973 

Copper     ....     897 

Iron 374 

Zinc 363 


apply  at  all  to 

-metallic  bodies. 

d  at  1000,  Despret 

constructed  the 

Tin  . 

304 

Lead 

Marble     . 

23 

Porcelain 

la 

Brick  earth 

II 

lOOO 

Iron 

.     11-9 

7y(> 

Steel 

.     1 1  -6 

S3'2 

Lead 

.        .      8-5 

231 

Platinum 

.        .      8-4 

19-0 

Rose's  alloy 

.      2-8 

14*5 

Bismuth  . 

.       1-8 
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By  making  cavities  in  the  bars,  as  in  Despretz's  method,  their  form  is 
altered,  and  the  continuity  partially  destroyed.  Wiedemann  and  Franz 
avoided  this  source  of  error  by  measuring  the  temperature  of  the  bars  in 
different  places  by  applying  to  them  the  junction  of  a  thermo-electric  couple 
(412).  The  metal  bars  were  made  as  regular  as  possible,  one  of  the  ends 
was  heated  to  100°,  the  rest  of  the  bar  being  surrounded  by  air  at  a  constant 
temperature.  The  thermo-electric  couple  was  of  small  dimensions,  in  order 
not  to  abstract  too  much  heat. 

By  this  method  Wiedemann  and  Franz  obtained  results  which  differ  con- 
siderably from  those  of  Despretz.  Representing  the  conductivity  of  silver 
by  100^,  they  found  the  following  numbers  for  the  other  metals  : — 

Silver  .... 
Copper .... 
Gold  .... 
Brass  .... 
Zinc  .... 
Tin        .... 

These  experimenters  found  that  the  conducting  power  of  the  pure  metals 
for  heat  and  electricity  is  the  same. 

Organic  substances  conduct  heat  badly.  De  la  Rive  and  De  Candolle 
showed  that  woods  conduct  better  in  the  direction  of  their  fibres  than  in 
a  transverse  direction,  and  this  difference  is  greater  with  the  soft  than 
with  the  hard  woods ;  they  remarked  upon  the  influence  which  this  feeble 
conducting  power,  in  a  transverse  direction,  exerts  in  preserving  a  tree 
from  sudden  changes  of  temperature,  enabling  it  to  resist  alike  a  sudden 
abstraction  of  heat  from  within,  and  the  sudden  accession  of  heat  from  with- 
out Tyndall  has  also  shown  that  this  tendency  is  aided  by  the  low  con- 
ducting power  of  the  bark,  which  is  in  all  cases  less  than  that  of  the  wood. 
Cotton,  wool,  straw,  bran,  &c.,  are  all  bad  conductors. 

405.  Coeflolent  of  oondootiTity.— The  numbers  given  in  the  foregoing 
article  only  express  the  relative  conducting  powers  of  the  respective  sub- 
stances. Numerous  experiments  have  been  made  to  determine  the  quantity 
of  heat,  W,  which  passes,  for  instance,  through  a  plate  the  two  sides  of  which 
are  kept  at  a  constant  difference  of  temperature.  This  will  clearly  be  pro- 
portional to  the  area  of  the  plate  A  and  to  the  time  A  It  is  further  propor- 
tional to  the  excess  of  the  temperature  of  the  one  face  6^,  over  that  of  the 
other  B — that  is,  to  B^-B\  and  as  the  flow  of  heat  is  different  in  different 
substances,  it  will  be  proportional  to  a  constant  k. 

On  the  other  hand  it  will  be  inversely  proportional  to  the  thickness  of  the 
plate  d.     These  results  are  expressed  by  the  formula 

W  .  ^-  (-^L.;^^  from  which  k ^  ,. 

On  the  CGS  system  of  units,  the  coefficient  of  thermal  or  calori me- 
trical conductivity y  k^  is  the  quantity  of  heat  which  passes  in  a  second  of 
lime,  between  the  two  opposite  faces  of  a  cube  of  the  substance  one  centi- 
metre in  thickness,  and  which  are  kept  at  a  constant  difference  of  one  degree. 


348 


On  Heat. 


[405- 


The  mean  values,  as  found  by  Neumann,  are  as  follows  :— copper,  i-ioB  ; 
zinc,  0307  ;  iron,  o'l63 ;  ai^enlan,  0-109  '<  '<^^  o^oos?. 

Thus  if  the  two  opposite  faces  of  a  cube  of  iron  one  centimetre  in  thick- 
ness, thai  is  to  say,  a  cubic  centimetre  of  iron,  are  kept  at  a  constant  diffid- 
ence of  1°  C,  the  quantity  of  heat  which  passes  in  each  second  of  time  will 
be  sufficient  to  raise  o'i63grammeof  water  through  1°  C.  From  this,  which 
is  often  called  the  calorimetricai  measure  of  eonductiviiy,  we  must  distin- 
guish the  ikermometric  measure  0/ conductivity ;  that  is  10  say,  the  number 
of  degrees  through  which  the  cube  in  question  would  be  heated  when  the 
above  quantity  of  heal  passes  through  it  under  the  given  conditions.  This 
is  obtained  from  the  constants  given,  by  dividing  them  by  the  reduced  value 
of  the  cube  c,  or  the  specific  heat  of  unit  volume ;  that  is,  by  the  product 
of  its  specific  heal  mto  its  specific  gravity. 

406.  SenanuoBfa  Bxparlmant. — It  is  only  in  homogeneous  bodies  that 
heat  is  conducted  uith  equal  facility  in  all  directions.  If  an  aperture  be 
made  in  a  piece  of  ordinary  glass  covered  with  a  thin  layer  of  wax,  and  a 
platinum  wire  ignited  by  a  voltaic  current  be  held  through  the  aperture, 
the  wax  will  be  melted  round  the  hole  in  a  circular  form.  Senarmont 
made,  on  this  principle,  a  series  of  experiments  on  the  conducti\'ity  of  beat  in 
crystals.  A  plate  cut  from  a  crystal  of  the  regular  system  was  covered  with 
wax,  anil  a  heated  metallic  point  was  held  against  it.  The  part  melted  had 
a  circular  form ;  but  when  plates  of  crjstals  belonging  to  other  systems  were 
investigated  in  a  similar  manner,  it  was  found  that  the  form  of  the  isothermal 
line  or  line  of  equal  temperature— that  is,  the  boundary  of  the  melted  part  — 
varied  with  the  different  systems  and  with  the  position  of  the  axes.  In 
plates  of  uniaxial  cr)'stals  cut  parallel  to  the  principal  axis  it  was  an  ellipse, 
the  major  axis  of  which  was  in  the  direction  of  the  principal  axis.  In  plates 
cut  perpendicular  to  the  principal  axis  it  was  a  circle.     In  biaxial  crystals. 


for  which  gypsum 
isothermal  surface  agre 
extraordinary  ray. 


:s  in  general  character  * 


vessel  is  filled  « 
containing  oil  a 


Instead  of  wax  the  plate  may  be  coated  with  the 
double  iodide  of  mercury  and  copper  ;  this  substance 
is  of  a  brick -red  colour,  which  when  heated  changes 
into  a  purplish  black. 

Rontgen  makes  the  experiment  very  simply  by 
breathing  on  the  plate,  and  then  holding  a  hot  steel 
point  against  it.  When  a  space  free  from  moisture 
has  been  found  about  the  point,  the  whole  plate  is 
dusted  u'iih  lycopodium,  which  shows  the  outline  of 
the  figure  with  great  sharpness. 

407.  CoQdnotlvltr  or  UquldB.—The  conductivity 
of  liquids  is  very  small,  as  is  seen  from  the  following 
experiment ; — A  delicate  thcrmoscopc  B,  consisting 
of  two  glass  bulbs,  joined  by  a  tube,  m,  in  which 
there  is  a  small  index  of  coloured  liquid,  is  placed  in 
a  large  cylindrical  glass  vessel,  U  (fig.  339).  This 
,ter  at  the  ordinary  temperature,  and  a  tin  vessel,  A, 
temperature  of  two  or  three  hundred  degrees,  is  dipped  in 
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it  The  bulb  near  the  vessel  A  is  only  very  slightly  heated,  and  the  index 
m  moves  through  a  very  small  distance.  Other  liquids  give  the  same  result. 
That  liquids  conduct  very  badly  is  also  demonstrated  by  a  simpler  experi- 
ment A  long  test-tube  is  half  filled  with  water,  and  some  ice  so  placed  in 
it  that  it  cannot  rise  to  the  surface.  By  inclining  the  tube  and  heating  the 
surface  of  the  liquid  by  means  of  a  spirit  lamp,  the  liquid  at  the  top  may  be 
made  to  boil,  while  the  ice  at  the  bottom  remains  unmelted. 

Despretz  made  a  series  of  experiments  with  an  apparatus  analogous  to 
that  here  described,  but  he  kept  the  liquid  in  the  vessel.  A,  at  a  constant 
temperature,  and  arranged  a  series  of  thermometers  one  below  the  other  in 
the  vessel  D.  In  this  manner  he  found  that  the  conductivity  of  heat  in 
liquid  obeys  the  same  laws  as  in  solids,  but  is  much  more  feeble.  For  ex- 
ample, the  conductivity  of  water  is  ^\  that  of  copper. 

Paalzow  states  that  in  regard  to  conducting  power  the  following  liquids 
^tand  in  the  order  given  of  their  decreasing  conductivity  for  heat :  mercury, 
^ter,  solution  of  sulphate  of  copper,  sulphuric  acid,  solution  of  sulphate  of 
rinc,  solution  of  common  salt. 

Guthrie  examined  the  conductivity  of  liquids  in  the  following  man- 
ner :— Two  hollow  brass  cones  are  placed  near  each  other  so  that  the  top 
ofone  points  upwards,  that  of  the  other  downwards  (fig.  340).     The  distance 


Fig.  340. 

"^he  bases,  which  are  of  platinum,  can  be  regulated  by  a  micrometer  screw. 
*^e  liquid  to  be  examined  is  introduced  between  the  bases  by  means  of  a 
P'Pettc.  The  lower  cone  is  fitted  with  a  glass  tube  which  dips  in  a  coloured 
"quid,  and  thus  constitutes  an  air  thermometer.  The  base  of  the  upper  cone 
's  kept  at  a  constant  temperature  by  means  of  a  current  of  hot  water  ;  it  thus 
^arms  the  liquid,  and  the  base  of  the  lower  cone,  in  consequence  of  which 
ihc  air  in  the  interior  is  expanded  and  the  column  of  liquid  in  the  stem 
depressed. 
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The  bases  of  the  cones  were  first  brought  in  contact  and  the  depression 
of  the  column  of  liquid  was  observed.  A  column  of  liquid  of  a.  given  thick- 
ness was  then  interposed  and  the  depression  observed  after  a  certain  time. 
The  same  thicknesses  of  other  liquids  were  then  successively  introduced,  and 
the  corresponding  depressions  noted.  The  difference  of  the  depressions  was 
a  measure  for  the  resistance  which  the  liquid  ofTered  to  the  pass^e  of  heat 
The  following  numbers  give  the  ratios  of  the  resistance  of  the  respective 
liquids  to  that  of  an  equal  thickness  of  water ;  in  other  words,  the  order  of 
decreasing  conductivity :  — 

Water   .  ,     i-oo        Alcohol    ....      9-08 

(Jlycerine  384        Oil  of  turpentine  1175 

Sperm  oil      .  .    3-85        Chloroform  .     i2'io 

It  was  also  observed  that  water  conducts  better  the  hotter  it  is  ;  and  any 
salt  dissolved  increases  the  conductivity.  There  are,  however,  great  diver- 
gences in  the  results  obtained  by  different  observers  for  the  conductivity 
of  liquids,  and  the  whole  subject  awaits  further  investigation. 

40S.  Muiaer  In  wUeh  liquid*  are  beated.  — When  a  column  of  liquid 
is  heated  at  the  bottom,  ascending  and  descending  currents  are  produced. 
It  is  by  these  that  heat  is  mainly  distributed 
through  the  liquid,  and  not  by  its  conductivity. 
These  currents  arise  from  the  expansion  of  the 
inferior  layers,  which,  becoming  less  dense,  rise 
in  the  liquid,  and  arc  replaced  by  colder  and 
denser  layers.     They  may  be  made  visible  by 
projecting  bran  or  wooden  shavings  into  water, 
which  rise  and  descend  with  the  currents.     The 
experiment   is  arranged  as  shown   in   lig.  341. 
The  mode  in  which  heat  is  thus  propagated  in 
liquids  and  in  gases  is  said  10  be  by  convection. 
409.  Oondnotlvitjr  or  iraaeB.— It  has  been 
a  disputed  question  whether  gases  have  a  true 
conductivity,  that  is  10  say  a  conduction  frotn 
.'  layer   to   layer  as    with   the  metals;    but   cer- 
tainly when  they  are  restrained  in  their  motion 
their  conductivity  is  very  small.    All  substances, 
'  ""  ""  for   instance,  between  whose  panicles  air  re- 

mains siationar)',  offer  great  resistance  to  the  propagation  of  heat.  This  is 
well  seen  in  straw,  eider-down,  and  Yurs.  The  propagation  of  heat  in  a 
gaseous  mass  is  effected  by  means  of  the  ascending  and  descending  currents 
formed  in  it,  as  is  the  case  with  liquids. 

The  following  experiment,  a  modification  of  one  originally  devised  by 
Grove,  is  considered  to  prove  that  gases  have  a  certain  conductivity. 

A  glass  tube,  fig.  342,  with  two  lateral  tubes  rf  and  1?  opening  into  it  at 
one  end,  is  closed  in  the  middle  by  a  cork,  b,  through  which  a  stout  copper 
wire  passes.  This  is  connected  by  thin  platinum  wires  with  similar  stout 
copper  wires  also  passing  through  the  corks  a  and  r.  When  the  current  of 
a  Grove's  batter)'  is  passed  through  the  wires,  both  platinums  are  equally 
incandescent.     If  now,  one  half  of  the  tube  is  filled  with  hydrogen  by  con- 
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necting  one  of  the  small  tubes  with  a  supply  of  that  gas,  and  the  current  is 
again  passed,  the  wire  in  the  hydrogen  is  scarcely  luminous,  while  that  in 
air  is  still  brightly  incandescent. 

This  greater  chilling  of  the  wire  in  hydrogen  than  in  air  is  considered 
by  Magnus  to  be  an  effect  of  conduction ;  while  Tyndall  ascribes  it  to  the 
greater  mobility  of  the  particles  of  hydrogen. 

Steiian  found  the  value  of  k  for  air  to  be  0*0000558  in  CGS  units,  so 
that  its  conductivity  is  only  j^^j  that  of  copper,  and  j-^'jj  that  of  iron.     He 


mm 


Fig.  343. 

also  found  that  hydrogen  conducts  seven  times  as  well  as  air,  and  that 
difference  of  density  seems  to  have  no  influence  on  the  conductivity. 

41a  AppUoatloiM. — The  greater  or  less  conductivity  of  bodies  meets 
with  numerous  applications.  If  a  liquid  is  to  be  kept  warm  for  a  long  time, 
it  is  placed  in  a  vessel  and  packed  round  with  non-conducting  substances, 
such  as  shavings,  straw,  or  bruised  charcoal.  For  this  purpose  water-pipes 
and  pumps  are  wrapped  in  straw  at  the  approach  of  frost.  The  same  means 
are  used  to  hinder  a  body  from  becoming  heated.  Ice  is  transported  in 
summer  by  packing  it  in  bran  or  folding  it  in  flannel. 

Double  walls  constructed  of  thick  planks  having  between  them  any  finely 
divided  materials,  such  as  shavings,  sawdust,  dry  leaves,  &c.,  retain  heat 
extremely  well ;  and  are  likewise  advantageous  in  hot  countries,  for  they 
prevent  its  access.  Pure  silica  in  the  state  of  rock  crystal  is  a  better  con-- 
ductor  than  lead,  but  in  a  state  of  powder  it  conducts  very  badly.  If  a  layer 
^  asbestos  is  placed  on  the  hand  a  red-hot  iron  ball  can  be  held  without 
inconvenience.  Red-hot  cannon  balls  can  be  wheeled  to  the  gun's  mouth  in 
wooden  barrows  partially  filled  with  sand.  Lava  has  been  known  to  flow 
over  a  layer  of  ashes  underneath  which  was  a  bed  of  ice,  and  the  non- 
conducting power  of  the  ashes  has  prevented  the  ice  from  melting. 

The  clothes  which  we  wear  are  not  warm  in  themselves  ;  they  only 
hinder  the  body  from  losing  heat,  in  consequence  of  their  spongy  texture 
and  the  air  they  enclose.  The  warmth  of  bed-covers  and  of  counterpanes 
's  explained  in  a  similar  manner.  Double  windows  are  frequently  used  in 
cold  climates  to  keep  a  room  warm — they  do  this  by  the  non-conducting 
layer  of  air  interposed  between  them.  During  the  night  the  windows  are 
<*pcned,  while  during  the  day  they  are  kept  closed.  It  is  for  the  same  reason 
that  two  shirts  are  warmer  than  one  of  the  same  material  but  of  double  the 
thickness.     Hence,  too,  the  warmth  of  furs,  eider-down,  &c. 

The  small  conducting  power  of  felt  is  used  in  the  North  of  Europe  in  the 
construction  of  the  Norwegian  j/^i/^,  which  consists  merely  of  a  wooden 
hox  with  a  thick  lining  of  felt  on  the  inside.  In  the  centre  is  a  cavity  in 
vhich  can  be  placed  a  stew-pan  provided  with  a  cover.  On  the  top  of  this 
•5  a  lid,  also  made  of  felt,  so  that  the  pan  is  surrounded  by  a  very  badly 
conducting  envelope.     Meat,  with  water  and  suitable  additions,  is  placed  in 
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the  pan,  and  the  contents  are  then  raised  to  boiling.  The  whole  is  tb< 
enclosed  in  the  box  and  left  to  itself ;  the  cooking  will  go  on  without  fii 
and  after  the  lapse  of  several  hours  it  will  be  quite  finished.  The  cooli 
4own  is  very  slow,  owing  to  the  bad  conducting  power  of  the  lining ;  at  t 
end  of  three  hours  the  temperature  is  usually  not  found  to  have  sunk  rxK 
than  from  io°  to  1 5". 

That  water  boils  more  rapidly  in  a  metallic  vessel  than  in  one  of  porcel) 
of  the  same  thickness ;  that  a  burning  piece  of  wood  can  be  held  close 
the  burning  part  with  the  naked  hand,  while  a  piece  of  iron  heated  at  < 
end  can  only  be  held  at  a  great  distance,  are  easily  explained  by  reference 
their  various  conductivities. 

The  sensation  of  heat  or  cold  which  we  feel  when  in  contact  with  cert 
bodies  is  materially  influenced  by  their  conductivity.  If  their  temperatuir^ 
lower  than  ours,  they  appear  colder  than  they  really  are,  because  from  tl3 
conductivity  heat  passes  away  from  us.  If,  on  the  contrary,  their  tempera^ 
IS  higher  than  that  of  our  body,  they  appear  warmer  from  the  heat  wtm 
they  give  up  at  different  parts  of  their  mass.  Hence  it  is  clear  why  carp^ 
for  example,  are  warmer  than  wooden  floors,  and  why  the  latter  again 
warmer  than  stone  floors. 

The  closer  the  contact  of  the  hand  with  a  substance,  the  greater  is  ' 
difference  of  temperature  felt.  With  smooth  surfaces  there  are  more  poi 
of  contact  than  with  rough  ones.  A  hot  glass  rod  feels  hotter  than  a  pi^ 
of  rusted  iron  of  the  same  temperature,  although  the  latter  is  a  better  cr< 
ducior.  The  closer  the  substance  is  pressed,  the  more  intimate  the  conts** 
an  ignited  piece  of  charcoal  can  be  lifted  by  the  fingers,  if  it  is  not  clos< 
pressed. 
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CHAPTER  VIII. 

RADIATION   OF   HEAT. 

411.  Badiant  beat. — It  has  been  already  stated  (403)  that  heat  can  be 
^''ansmitted  from  one  body  to  another  without  altering  the.temperature  of  the 
■•iten'ening  medium.  If  we  stand  in  front  of  a  fire  we  experience  a  sensation 
^f  warmth  which  is  not  due  to  the  temperature  of  the  air,  for  if  a  screen  be 
^Kiterposed  the  sensation  immediately  disappears,  which  would  not  be  the 
^asc  if  the  surrounding  air  had  a  high  temperature.  Hence  bodies  can  send 
Out  rays  which  excite  heat,  and  which  penetrate  through  the  air  without 
Heating  it,  as  rays  of  light  through  transparent  bodies.  Heat  thus  propagated 
»s  said  to  be  radiated ;  and  we  shall  use  the  terms  ray  ofhcat^  or  thermal^  or 
^^tlorific  ray^  in  a  similar  sense  to  that  in  which  we  use  the  term  ray  of  light 
Or  luminous  ray. 

We  shall  find  that  the  property  of  radiating  heat  is  not  confined  to 
luminous  bodies,  such  as  a  fire  or  a  red-hot  ball,  but  that  bodies  of  all  tem- 
peratures radiate  heat.     It  will  be  convenient  to  make  a  distinction  between 
iuminous  and  obscure  rays  of  heat. 

413.  Beteotlon  and  measurement  of  radiant  beat. — In  demonstrating 

^^c  phenomena  of  radiant  heat,  very  delicate  thermometers  are  required,  and 

^^  thermo-electrical  multiplier  of  Melloni  is  used  for  this  purpose  with  great 

advantage ;  for  it  not  only  indicates  mmute  diflferences  of  temperature,  but 

It  also  measures  them  with  accuracy. 

This  instrument  cannot  be  properly  understood  without  a  knowledge  of 
t"c  principles  of  thermo-electricity,  for  which  Book  X.  must  be  consulted. 
^*  niay,  however,  be  stated  here  that  when  two  different  metals  A  and  \\  are 
'*<>ldered  together  at  one  end  (figs.  343,  344),  the  free  ends  being  jomed  by  a 
*"■€,  when  the  soldering  C  is  heated  a  current  of  electricity  circulates 
throuah  the  system  ;  if,  on  the  contrary,  the  soldering  be  cooled,  a  current 
'*  also  produced,  but  it  circulates  in  exactly  the  opposite  direction.  This  is 
*^allcd  a  I  her  mo-electric 
'""^Ple  or  pair.  If  a 
number  of  such  pairs  be 
'"^'lernatcly  soldered  to- 
^^ther,  as  represented  in 
^'^-  344»  the  strength  of 
^^t  current  produced  by  ^  -_.-t r-r-ni^^ 

''eatinj^r  the   ends    is   in- 

'  ceased ;  or,  what  amounts  ^  '^-  ^'^'  ^'^'  ^44. 

^[>  the  same  thing,  a  smaller  degree  of  heat  will  produce  the  same  effect. 
•*>uch  an  arrangement  of  a  number  of  thermo-electric  pairs  is  called  a  thermo- 
electric battery  ox  pile. 
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Melloni's  thermo-multiplier  consists  of  a  thermo-electric  pile  conncc 
with  a  delicate  galvanometer.  The  thermo-electric  pile  is  constructed  < 
numberof  minute  bars  of  bismuth  and  antimotiyaoldered  together  alternat 
though  kept  insulated  from  each  other,  and  contained  in  a  rectangular 
t*  (fig.  34S)'  The  terminal  bars  are  connected  with  two  binding  screwi 
and  n,  which  in  turn  are  connected  with  the  galvanometer  G  by  means  of 

The  galvanometer  consists  of  a  quantity  of  fine  insulated  copper  i 
coiled  round  a  frame,  in  the  centre  of  which  a  delicate  magnetic  need] 
suspended  by  means  of  a  silk  thread.  When  an  electric  current  is  pat 
through  this  coil,  the  needle  is  deflected  through  an  angle  which  depend) 
the  strength  of  the  current.  The  angle  is  measured  on  a  dial  by  an  in 
connected  with  the  needle. 

It  may  then  be  sufficient  to  state  that  the  thermo-electric  pile  being  c 
nected  with  the  galvanometer  by  means  of  the  wires  a  and  ^,  an  exces 


temperature  at  one  end  of  the  pile  causes  the  needle  to  be  deflected  thro 
an  angle  nhich  depends  on  the  extent  of  this  excess  ;  and  similarly  if 
temperature  is  depressed  below  that  of  the  other  end,  a  corresponc 
deflection  is  produced  in  the  opposite  direction.  By  arrangements  of 
kind  Melloni  was  able  to  measure  diflTcrences  of  temperature  of  jg—*!' ' 
degree.  The  object  ot  the  cone  C  is  to  concentrate  the  thermal  rays  on 
face  of  the  pile. 

413.  &awa  or  radlMlon. — The  radiation  of  heat  is  governed  by  tl 

I.  Radialiiin  takes  place  in  all  directions  round  a  body.  Ifathermomi 
be  placed  in  different  positions  round  a  heated  body,  it  indicates  everywt 
a  rise  in  temperature. 

II.  In  a  homogenious  medium,  radiation  takes  place  in  a  right  line,  1 
if  a  screen  be  placed  in  a  right  line  which  joins  the  source  of  heat  and 
thermometer,  the  latter  is  not  aflected. 


Fig.  346. 
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But  in  passing  obliquely  from  one  medium  into  another,  as  from  air  into 
glass,  calori Be-like  luminous  rays  become  deviated,  an  effect  known  as 
refraction.    The  laws  of  this  phenomenon  are  the  same  for 
heat  as  for  light,  and  they  will  be  more  fully  discussed  under 
the  latter  subject. 

III.  Radiant  heat  is  propagated  in  vacuo  as  well  as  in  ait. 
This  is  demonstrated  by  the  following  experiment : — 

In  the  bottom  of  a  glass  flask  a  thermometer  is  fixed  in  such 
a  manner  that  its  bulb  occupies  the  centre  of  the  flask  (fig.  346). 
The  neck  of  the  flask  is  carefully  narrowed  by  means  of  the 
blowpipe,  and  then  the  apparatus  having  been  suitably  attached 
to  an  air-pump,  a  vacuum  is  produced  in  the  interior.  This 
having  been  done,  the  tube  is  sealed  at  the  narrow  part.  On 
immersing  this  apparatus  in  hot  water,  or  on  bringing  near  it 
some  hot  charcoal,  the  thermometer  is  at  once  seen  to  rise. 
This  could  only  rise  from  radiation  through  the  vacuum  in 
the  interior,  for  glass  is  so  bad  a  conductor  that  the  heat  could 
not  travel  with  this  rapidity  through  the  sides  of  the  flask  and  the  stem  of 
the  thcmwmeter. 

414*  Causes  wliioli  modify  the  intensity  of  radiant  beat. — By  the 
intensity  of  radiant  heat  is  understood  the  quantity  of  heat  received  on  the 
unit  of  surface.  Three  causes  are  found  to  modify  this  intensity  :  the  tem- 
perature of  the  source  of  heat,  its  distance,  and  the  obliquity  of  the  calorific 
rays  in  reference  to  the  surface  which  emits  them.  The  laws  which  regulate 
these  modifications  may  be  thus  stated  : — 

I.  The  intensity  of  radiant  heat  is  proportional  to  the  temperature  of  the 
source. 

II.  The  intensity  is  inversely  as  the  square  of  the  distance. 

III.  The  intensity  is  less,  the  greater  the  obliquity  of  the  rays  with  respect 
io  the  radiating  surface. 

The  first  law  is  demonstrated  by  placing  a  metal  box  containing  water 
at  10°,  20%  or  30°  successively  at  equal  distances  from  the  bulb  of  a  differen- 
cial thermometer.  The  temperatures  indicated  by 
the  latter  are  then  found  to  be  in  the  same  ratio 
as  those  of  the  box  :  for  instance,  if  the  tempera- 
ture of  that  corresponding  to  the  box  at  10°  be  2°, 
those  of  others  will  be  4°  and  6°  respectively. 

The  truth  of  the  second  law  follows  from  the 
geometrical  principle  that  the  surface  of  a  sphere 
increases  as  the  square  of  its  radius.  Suppose  a 
hollow  sphere  cd)  (fig.  347)  of  any  given  radius, 
and  a  source  of  heat  C,  in  its  centre  ;  each  unit 
of  surface  in  the  interior  receives  a  certain  quan- 
tity of  heat.  Now  a  sphere,  ef  of  double  the 
radius  will  present  a  surface  four  times  as  great ;  its  internal  surface  con- 
tains, therefore,  four  times  as  many  units  of  surface,  and  as  the  quantity  of 
heat  emitted  is  the  same,  each  unit  must  receive  one-fourth  the  quantity. 

To  demonstrate  the  same  law  experimentally,  a  narrow  tin  plate  box  is 
taken  (fig.  348),  filled  with  hot  water,  and  coated  on  one  side  with  lampblack. 


Fig.  347. 
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The  thenno-pile  with  its  conical  reflector  is  placed  so  that  its  (ace  i: 
a  certain  delinite  distance,  co,  say  9  inches,  from  this  box,  and  the  c< 


battery  is  removed  to  three  or  four  times  the  distance.  This  resuh,  though 
apparently  in  opposition  to  the  second  law,  really  confirms  it.  For  ai  firei 
the  battery  only  receives  heat  from  the  circular  portion  nb  of  the  side  ol  ihe 
box,  while,  in  the  second  case,  the  circular  portion  AB  radiates  towards  (i. 
But,  as  the  two  cones  .\CB  and  rub  are  similar,  and  the  height  of  ACB  ia 
double  that  of  acb,  (he  diameter  AB  is  double  that  of  <>d,  and  therefore  the 


-415]  Mobile  E'luililn-'uiiiL      TJtcory  of  lixciurir^L^.  }^'-^'J 

area  AD  is  four  times  as  great  as  that  of  ab^  for  the  areas  of  circles  are 
proportional  to  the  squares  of  the  radii.  But  since  the  radiating  surface 
increases  as  the  square  of  the  distance,  while  the  galvanometer  is  stationary, 
the  heat  received  by  the  battery  must  be  inversely  as  this  same  square. 

The  third  law  is  demonstrated  by  means  of  the  following  experiment, 
which  is  a  modification  of  one  originally  devised  by  Leslie  (fig.  350)  : — P 
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Fig.  350. 

^^prcsents  the  thcrmo-multiplier  which  is  connected  with  its  galvanometer, 
*^<i  A  a  metal  cube  full  of  hot  water.  The  cube  being  first  placed  in  such 
^  position,  A,  that  its  front  face,  ac,  is  vertical,  the  deflection  of  the  galvano- 
'^cter  is  noted.  Supposing  it  amounts  to  45°,  this  represents  the  radiation 
^*x>m  iu.  If  this  now  be  turned  in  the  direction  represented  by  A',  the 
Salvanometcr  is  still  found  to  mark '45®. 

The  second  surface  is  larger  than  the  first,  and  it  therefore  sends  more 

*^ys  to  the  mirror.     But  as  the  action  on  the  thermometer  is  no  greater 

^iwui  in  the  first  case,  it  follows  that  in  the  second  case,  where  the  rays 

^e  oblique,  the  intensity  is  less  than  in  the   first  case,  where  they  are 

perpendicular. 

In  order  to  express  this  in  a  formula,  let  /  be  the  intensity  of  the  rays 
emitted  perpendicularly  to  the  surface,  and  /'  that   of  the  oblique  rays 
These  intensities  are  necessarily  inversely  as  the  surfaces  ac  and  a'c'\  for  the 
effect  is  the  same  in  both  cases,  and  therefore  /'  x  surface  a'c'  =  /  x  surface  ac  ; 

hence  ^^ , / surf,  gg-  ^ ^v  ^  ^/cos.  aoa' -,   which  signifies  that  the  intensity 
surf,  a'c         a  c 

ff  oblique  rays  is  proportional  to  the  cosine  of  the  angle  which  these  raysfonn 

"^itk  the  normal  to  the  surface ;  for  this  angle  is  equal  to  the  angle  aoa\ 

This  law  it  known  as  the  law  of  the  cosine ;  it  is,  however,  not  general ; 

^esains  and  De  la  Provostaye  have  shown  that  it  is  only  true  within  very 

^rrow  limits  ;  that  is,  only  with  bodies  which,  like  lampblack,  are  entirely 

destitute  of  reflecting  power  (423). 

413-  MoMle  •qnlllbrimn.     Tlieorjr  of  ezotaanros* — Prevost  of  Geneva 

suggested  the  following  hypothesis  in  reference  to  radiant  heat,  known  as 

Prevost's  theory  of  exchanges^  which  is  now  universally  admitted.    All  bodies, 

whatever  their  temperatures,  constantly  radiate  heat  in  all  directions.     If 

*e  imagine  two  bodies  at  different  temperatures  placed  near  one  another, 

the  one  at  a  higher  temperature  will  experience  a  loss  of  heat,  its  temperature 

^ill  sink,  because  the  rays  it  emits  are  of  greater  intensity  than  those  it 

receives  ;  the  colder  body,  on  the  contrary,  will  rise  in  temperature,  because 

it  receives  rays  of  greater  intensity  than  those  which  it  emits.     Ultimately 

the  temperature  of  both  bodies  becomes  the  same,  but  heat  is  still  exchanged 
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between  them,  only  each  receives  as  much  as  it  emits,  and  the  temperature 
remains  constant.    This  state  is  called  the  fnobile  equilibrium  of  fetnperature. 

416.  srewton*B  law  of  oooiinir- — A  body  placed  in  a  vacuum  is  only 
cooled  or  heated  by  radiation.  In  the  atmosphere  it  becomes  cooled  or 
heated  by  its  contact  with  the  air  according  as  the  latter  is  colder  or  hotter 
than  the  radiating  body.  In  both  cases  the  velocity  of  cooling  or  of  heating 
— that  is,  (he  quantity  of  heat  lost  or  gained  in  a  second — is  greater  accord- 
ing as  the  difference  of  temperature  is  greater. 

Newton  enunciated  the  following  law  in  reference  to  the  cooling  or 
heating  of  a  body  : — The  quantity  of  heat  lost  or  gained  by  a  body  in  a  second 
is  proportional  to  the  difference  between  its  temperature  and  that  of  the  sur- 
rounding medium.  Dulong  and  Petit  have  proved  that  this  law  is  not  so 
general  as  Newton  supposed,  and  only  applies  where  the  differences  of 
teinperature  do  not  exceed  1 5°  to  20°.  Beyond  that,  the  quantity  of  heat  lost 
or  gained  is  greater  than  that  required  by  this  law. 

Two  consequences  follow  from  Newton's  law  : — 

I.  When  a  body  is  exposed  to  a  constant  source  of  heat,  its  temperature 
does  not  increase  indefinitely,  for  the  quantity  which  it  receives  in  the  same 
time  is  always  the  same  ;  while  that  which  it  loses  increases  with  the  excess 
of  its  temperature  over  that  of  the  surrounding  medium.  Consequently  a 
point  is  reached  at  which  the  quantity  of  heat  emitted  is  equal  to  that 
absorbed,  and  the  temperature  then  remains  stationar>\ 

II.  Newton's  law,  as  applied  to  the  differential  thermometer,  shows  that 
its  indications  are  proportional  to  the  quantities  of  heat  which  it  receives. 
If  one  of  the  bulbs  of  a  differential  thermometer  receives  rays  of  heat  from 
a  constant  source,  the  instrument  exhibits,  first,  increasing  temperature,  but 
afterwards  becomes  stationary.  In  this  case,  the  quantity  of  heat  which  it 
receives  is  equal  to  that  which  it  emits.  But  the  latter  is  proportional  to  the 
excess  of  the  temperature  of  the  bulb  above  that  of  the  surrounding  atmo- 
sphere— that  is,  to  the  number  of  degrees  indicated  by  the  thermometer ; 
consequently,  the  temperature  indicated  by  the  differential  thermometer  is 
proportional  to  the  quantity  of  heat  it  receives. 


REFLECTION  OF   HEAT. 

417.  ]baws  of  reflection. — When  thermal  rays  fall  upon  a  body  they  are, 
speaking  generally,  divided  into  two  parts,  one  of  which  penetrates  the  body 

while  the  other  rebounds  as  if  repelled  from  the 
surface  like  an  elastic  ball.  This  is  said  to  be 
reflected. 

\i  mn  be  a  plane  reflecting  surface  {fci^.  351), 
CB  an  incident  ray,  BD  a  line  perpendicular  to 
the  surface  called  the  normal,  and  BA  the  re- 
flected ray  \  the  angle  CBD  is  called  the  angle 
of  incidence,  and  DBA  the  angle  of  reflection. 
The  reflection  of  heat,  like  that  of  light,  is  governed  by  the  two  following 
laws  : — 

I.   The  angle  of  reflection  is  equal  to  the  angle  of  incidence. 
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II.  Both  the  incident  and  the  reflected  my  arc  in  the  latne plane  -with  the 
iiarmal  to  the  reflecting  siir/iue. 

413.  SBperlBieiiMl  demonstration  of  tlie  tawa  af  reflectloii  or  beat. 

This  may  be  efiecicd  by  means  of  McUonrs  ihenno-pile  and  also  by  the 
cuojagale  mirrors  (420),  Fig,  352  represents  the  arrangement  adopted  in 
the  (urmer  case.  M  N  is  n  horizontal  bar,  about  a  metre  in  length  graduated 
in  milliinelres,  on  which  slide  various  parts,  which  can  be  clamped  by  means 
ofgcrews.  The  source  of  heat,  S,  is  a  platinum  spiral,  kept  at  a  white  heat 
in  ti  spirit  lamp.  A  screen  K,  when  raised,  cuts  off  the  radiation  from  the 
source ;  a  second  screen,  F,  with  an  aperture  in  the  centre,  gives  the  rays  a 
parallel  direction.  At  the  other  end  is  an  upright  rod,  I,  with  a  graduated 
di»l,the  «ero  of  which  is  in  the  direction  of  MN,  and  therefore  parallel  to 
the  pencil  Sm.  In  the  centre  of  the  dial  is  an  aperture,  in  which  turns  nn 
iwisthM  supports  a  metallic  mirror  ni.  About  this  axis  turns  an  index,  R, 
«)  vliich  is  lixed  the  ihermo-pile,  1^  in  connection  with  the  galvanometer  G  ; 


H  i»j  screen,  the  objea  of  which  is  to  cut  off  any  direct  radiation  from  the 
^Kt  of  heat  towards  the  pile.  In  order  not  to  mask  the  pile,  it  is  not 
"presented  in  the  position  it  occupies  in  the  experiment. 

By  lowering  the  screen  K,  a  pencil  of  parallel  ra>'s,  passing  through  the 
fPWture  F.  falls  from  the  mirror  m,  and  is  there  reflected.  If  the  index  R 
''DM  in  the  direction  of  the  reflected  pencil,  this  latter  does  not  fall  on 
'''t  pile,  and  the  needle  of  the  gah'anometer  remains  stationary  ;  but  by 
•''■ly  luming  the  index  R,  a  position  is  found  at  which  the  galvanometer 
"Win*  it»  greatest  deviation,  which  is  the  case  when  the  pile  receives  the 
frfecled  pencil  perpendicularly  10  its  surface.  Reading  off  then  on  the 
'''^ihe  position  of  a  small  needle  perpendicular  to  the  mirror,  it  is  observed 
'fi«  this  bisects  the  angle  formed  by  the  incident  and  the  reflected  pencil, 
■hirh  demonstrates  the  first  law. 

The  semnd  law  is  also  proved  by  the  same  experiment,  for  the  various 
pi*CM  of  the  nppaTstus  are  arranged  so  that  the  incident  and  reflected  rays 
*"  in  ilie  same  horiionlal  plane,  and  therefore  at  right  angles  to  the  reflect- 
<V  Mir^e,  which  is  vertical 
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419.  Selleotioii  from  oonoave  mirrors. — Concave  mirrors  or  reflectors 

are  polished  spherical  or  parabolic  surfaces  of  metal  or  of  glass,  which  arc 
used  to  concentrate  luminous  or  calorific  rays  in  the  same  point. 

We  shall  only 

t  consider  the  case 
of    spherical 
^^^ ^1  mirrors.  Fig.354 
-r-:::; ' — ~ " p  represents     two 
;;:::>■ ^1  of  these  mirrors; 
•'''^ 0,  H'  353  gives  a 
■ ,   medial    section, 
which  is   called 
\\itprinapai  sec- 
Fig  353.                                             tion.  The  centre 

C  of  the  sphere 
to  which  the  mirror  belongs  is  called  the  centre  of  curvcUure ;  the  point  A, 
the  middle  of  the  reflector,  is  the  centre  of  the  figure ;  the  straight  line  AB 
passing  through  these  points,  is  the  principal  axis  of  the  mirror. 

In  order  to  apply  to  spherical  mirrors  the  laws  of  reflection  from  plane 
surfaces,  they  are  considered  to  be  composed  of  an  infinite  number  of  in- 
finitely small  plane  surfaces,  each  belonging  to  the  corresponding  tangent 
plane  ;  the  normals  to  these  small  surfaces  are  all  radii  of  the  same  sphere, 
and  therefore  meet  at  its  centre,  the  centre  of  curvature  of  the  mirror. 

Suppose  now,  on  the  axis  AB  of  the  mirror  MN,  a  source  of  heat  so 
distant  that  the  rays  EK,  PH  ....  which  start  from  it  may  be  considered 
as  parallel.  From  the  hypothesis  that  the  mirror  is  composed  of  an  infini- 
tude of  small  planes,  the  ray  EK  is  reflected  from  the  plane  K  just  as  from 
a  plane  mirror ;  that  is  to  say,  CK  being  the  normal  to  this  plane,  the 
reflected  ray  takes  a  direction  such  that  the  angle  CKF  is  equal  to  the 
angle  CKE.  The  other  rays,  PH,  GI  .  .  ,  .  are  reflected  in  the  same 
manner,  and  all  converge  approximately  towards  the  same  point  F,  on  the 
line  AC.  There  is  then  a  concentration  of  the  rays  in  this  point,  and  conse- 
quently a  higher  temperature  than  at  any  other  pomt.  This  point  is  called 
the  focits^  and  the  distance  from  the  focus  to  the  mirror  at  A  is  the  foca/ 
disiiwce. 

In  the  above  figure  the  heat  is  propagated  along  the  lines  EKF,  LDF,  in 
the  direction  of  the  arrows  ;  but,  conversely,  if  the  heated  body  be  placed  at 
F,  the  heat  is  propagated  along  the  lines  FKE,  FDL,  so  that  the  rays  emitted 
from  the  focus  are  nearly  parallel  after  reflection. 

420.  Verification  of  the  laws  of  refleotioii. — The  following  experiment, 
which  was  made  for  the  first  time  by  Pictet  and  Saussure,  and  which  is 
known  as  the  experiment  of  the  conjugate  mirrors^  demonstrates  not  only 
the  existence  of  the  foci,  but  also  the  laws  of  reflection.  Two  reflectors 
M  and  N  (fig.  354),  are  arranged  at  a  distance  of  4  to  5  yards,  and  so  that 
their  axes  coincide.  In  the  focus  of  one  of  them,  A,  is  placed  a  small  \n*ire 
basket  containing  a  red-hot  iron  ball.  In  the  focus  of  the  other  is  placed 
B,  an  inflammable  body,  such  as  gun-cotton  or  phosphorus.  The  rays 
emitted  from  the  focus  A  are  first  reflected  from  the  mirror  M,  in  a  direction 
parallel  to  the  axis  (419),  and  impinging  on  the  other  mirror,  X,  arc  reflected 


It  they  coincide  in  the  focus  B.    That  this  i; 
u  the  gun-cotton  at  this  point  take«  fire,  which  i; 

The  «3q)erimcnl  also  series  to  show  that  light  and  heal  are  reflected  in 
the  same  manner.  For  this  purpose  a  lighted  candle  is  placed  in  the  focus 
o*  .\,  and  a  ground-glass  screen  in  the  focus  of  B,  when  a  luminous  focus  h 
scea  on  k  exactly  in  the  spot  where  the  gun-cotton  ignites.  Hence  the 
luminous  and  the  calorific  foci  are  produced  at  the  same  point,  and  ihc 
rcdeclioD  takes  place  in  both  cases  according  to  the  same  laws,  for  it 
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afterwards  shown  that  for  light,  the  angle  of  refleaion  is  equal  to  the  angle 
uf  incidence,  and  that  both  the  incident  and  the  reflected  rays  are  in  the 
>Mne  plane  perpendicular  to  the  plane  reflecting  surface. 

Id  consequence  of  the  high  temperature  produced  in  ih 
auTTon  they  have  been  called  burning  mirrors.  It  is  si, 
ncdes  buml  the  Roman  vessels  before  Syracuse  by  means 
Buflbn  constructed  burning  mirrors  of  such  power  as  to  pi 
attributed  to  Archimedes  was  not  impossible.  The  mirrors  were  made  of  a 
oumberof  silvered  plane  mirrors  about  3  inches  long  by  5  broad.  They 
coold  be  turned  independently  of  each  other  in  such  a  manner  that  the  rays 
reflected  from  each  coincided  in  the  same  point.  With  ii8  mirrors  and  a 
1  ButTon  ignited  a  plank  of  tarred  wood  al  a  distance  of  70 

[eat  is  reflected  in  a  vacuum  as  well  as 
in  Kt,  u  is  seen  from  the  following  experiment  (fig.  355),  due  to  Sir  Hum- 
phry Davy.  Two  small  concave  reflectors  were  placed  opposite  each  other 
UfMler  the  receiver  of  an  air-pump.  In  the  focus  of  one  was  placed  a  delicate 
thermometer,  and  in  the  focus  of  the  other  a  platinum  wire  made  incan- 
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s  of  a  galvanic  current.  The  thermometer  was  imine- 
,se  several  degrees,  which  could  only  be  due  to  reflected 
heal,  for  the  thermometer  did  not  show 
any  increase  of  temperature  if  it  were 
not  exactly  in  the  focus  of  the  second 
reflector. 

422.  Appareat  rallaetlaM  of  ooM. — 
\     If  two  mirrors  are  arranged  as  repre- 
j    sentcd  in  tig.  354.  and  a  piece  of  ice  is 
placed  in  one  of  the  foci  instead  of  the 
red-hot  ball,  the  surrounding  tempera- 
tui-e  being  greater  than  tero,  a  differential 
thermometer  placed  in  the  focus  of  the 
second  reflector  would  exhibit  a  decrease 
in  lemperalure  of  several  degrees.     This 
appears   at    first   to   be    caused    by    the 
emission   of  frigorific  rays  from  ice.     It 
is,  however,  easily  explained  from  what 
has  been  said  about  the  mobile  equili- 
brium of  temperature  (4 1 5).    There  is  still 
'*' "''"'  an  interchange  of  temperature,  but  here 

the  iliermiimetcr  i^  the  wannest  body.  As  the  rays  which  the  thennometcr 
emus  are  more  intense  than  those  emitted  by  the  ice,  the  former  gives  out 
more  licat  than  it  receives,  and  hence  its  temperature  sinks. 

The  sensation  of  cold  cxpterienced  when  we  stand  near  a  plaster  or  stone 
wall  whose  temperature  is  lower  than  that  of  our  body,  or  when  we  stand  in 
front  of  a  wall  of  ice,  is  explained  in  the  snme  way. 

423.  Kaa«otliic  power. — The  reflecting  power  of  a  substance  is  its  pro- 
perty of  throwing  off  a  greater  or  less  proportion  of  incident  heat. 

This  poiver  varies  in  different  substances.  In  order  to  study  this  power 
in  different  bodies  without  having  recuurse  10  as  many  reflectors,  Leslie 
arranged  his  experiment  as  shoivn  in  fig.  356.  The  source  of  heat  is  a 
cubical  canister,  M,  now  known  as  /^slu's  luh;  filled  with  hot  water.  A 
plate,  II,  of  the  substance  to  be  esperimemed  upon  is  placed  on  the  axis  of  a 
reflecting  mirror  between  the  focus  and  the  mirror.  In  this  manner  the  rays 
emitted  by  the  source  are  first  reflected  from  the  mirror  and  impinge  on  the 
plate  11,  iihere  ihey  arc  again  reflected  and  converge  to  the  focus  between  the 
plate  and  the  mirror,  at  which  point  a  differential  thermometer  is  placed. 
The  reflector  and  the  tlicrniometer  are  always  in  the  same  position,  and  the 
water  of  the  cube  is  aluays  kept  at  100'',  but  it  is  found  that  the  tempetature 
indicated  by  the  thermometer  varies  with  the  nature  of  the  plate.  This 
method  gives  a  means  of  determining,  not  the  absolute  reflecting  power  of  a 
body,  but  its  power  rehilively  to  that  of  some  body  taken  as  a  standard  of 
comparison.  For  from  what  has  been  said  on  the  application  of  Newton's 
law  to  the  differential  thermometer,  the  temperatures  which  this  instrument 
indicates  are  proponional  to  the  quantities  of  heat  which  it  receives.  Hence, 
if  in  the  above  experiment  a  plate  of  glass  causes  the  temperature  to  rise  i° 
and  a  plate  of  lead  6°,  il  f<illows  that  the  quantity  of  heat  reflected  by  the  ■ 
latter  is  si.\  limes  as  great  as  that  reflected  by  the  former.     For  the  heat 
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rmitied  by  the  source  remains  the  same,  ihe  concave  reflector  ri 

same  portion,  and  the  ditference  can  only  arise  from  the  reflecting  power  of 

(he  plate  u. 


"ITit  numbers  only  represent  the  relative  reflecting  power  as  compared 
witb  that  of  brass.  Their  absolute  power  is  the  relation  of  the  quantity  of 
iIm/  rrfUaM  to  the  quantity  of  heat  received.  Desains  and  De  la  Provostaye, 
irlio  examined  the  absolute  reflecting  power  of  certain  metals,  obtained 
tlic  foUowing  results  by  means  of  Melloni's  thermo-muliiplier  (412),  the  heat 
being  reSected  at  an  angle  of  50°  ;— 

Siher  plate        ....  o'97     Steel 0-82 

Gold.  -        .  o'gj    Zinc o-8r 

B»a»  ■  0-93     Iron 07? 

Platinum 083  Cast  iron        ....  074 

414.  Ak««rbt«K  power. — The  absorbing  pmver  of  a  body  is  its  property 
of  sUowing  a  greater  or  less  quantity  of  the  heat  which  falls  upon  it  to  pass 
inio  (ta  mats.  1  ts  absolute  value  is  the  ratio  of  the  quantity  of  he;it  absorbed 
10  ih«  i]uaniity  of  heal  received. 

Tfce  absorbing  power  of  a  body  is  always  inversely  as  its  refleaing 
power  :  a  body  which  is  a  good  absorbent  is  a  bad  tetiecior,  and  irict  v. 
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It  was  formerly  supposed  that  the  two  powers  were  exactly  complementary, 
that  the  sum  of  the  reflected  and  absorbed  heat  was  equal  to  the  total  quan- 
tity of  incident  heat.  This  is  not  the  case  ;  it  is  always  less  :  the  incident 
heat  is  divided  into  three  parts — ist,  one  which  is  absorbed;  2nd,  another 
which  is  reflected  regularly — that  is,  according  to  laws  previously  demon- 
strated (417) ;  and  a  third,  which  is  irregularly  reflected  in  all  directions, 
and  which  is  called  scattered  or  diffused  heat. 

In  order  to  determine  the  absorbing  power  of  bodies,  Leslie  used  the 
apparatus  which  he  employed  in  determining  the  reflecting  powers  (423). 
But  he  suppressed  the  plate  a^  and  placed  the  bulb  of  the  thermometer  in 
the  focus  of  the  reflector.  This  bulb  being  then  covered  successively  with 
lampblack,  or  varnish,  or  with  gold,  silver,  or  copper  foil,  &c.,  the  thermo- 
Hkcter  exhibited  a  higher  temperature  under  the  influence  of  the  source  of 
licat,  M,  according  as  the  substance  with  which  the  bulb  was  covered 
absorbed  more  heat.  Leslie  found  in  this  way  that  the  absorbing  power  of 
a  body  is  greater  the  less  its  reflecting  power. .  In  these  experiments, 
however,  the  relation  of  the  absorbing  powers  cannot  be  deduced  from 
that  of  the  temperatures  indicated  by  the  thermometer,  for  Newton's 
law  is  not  exactly  applicable  in  this  case,  as  it  only  prevails  for  bodies 
whose  substance  does  not  vary,  and  here  the  covering  of  the  bulb  varied 
with  each  observation.  But  we  shall  presently  show  (426)  how  the  com- 
parative absorbing  powers  may  be  deduced  from  the  ratios  of  the  emissive 
powers. 

Taking,  as  a  source  of  heat,  a  canister  filled  with  water  at  loo**,  Melloni 
found  by  means  oi  the  thermo-multiplier  the  following  relative  absorbing 
powers  : — 

Lampblack        .        .  .100     Indian  ink 85 

White  lead        .        .         .         .100    Shellac 72 

Isinglass 91     Metals 13 

425.  Radiating:  power. — The  radiating  or  emissive  power  o{  a  body  is 
its  capability  of  emitting,  at  the  same  temperature,  and  with  the  same  extent 
of  surface,  greater  or  less  quantities  of  heat. 

The  apparatus  represented  in  fig.  356  was  also  used  by  Leslie  in  dete  r- 
mining  the  radiating  power  of  bodies.  For  this  purpose  the  bulb  of  the 
thermometer  was  placed  in  the  focus  of  the  reflector,  and  the  faces  of  the 
canister  M  were  formed  of  different  metals,  or  covered  with  different 
substances  such  as  lampblack,  paper,  &c.  The  cube  being  filled  with  hot 
water,  at  100°,  and  all  other  conditions  remaining  the  same,  Leslie  turned 
each  face  of  the  cube  successively  towards  the  reflectors,  and  noted  the 
temperature  each  time.  That  face  which  was  coated  with  lampblack  caused 
the  greatest  elevation  of  temperature,  and  the  metal  faces  the  least.  Applying 
Newton's  law,  and  representing  the  heat  emitted  by  lampblack  as  100,  Leslie 
formed  the  following  table  of  radiating  powers  : — 


Lampblack 

.     100 

Tarnished  lead  . 

.    45 

While  lead 

.     100 

Mercury      .... 

.    20 

Paper         .... 

.       98 

Polished  lead 

.     19 

Ordinary  white  glass 

.       90 

Polished  iron 

.     15 

Isinglass  .... 

.       80 

Tin,  gold,  silver,  copper,  &c. 

.     12 

-486}      Identity  oj  the  Absorbing  and  Radiating  Powers. 

li  will  be  seen  thai,  in  this  table,  the  order  of  the  bodies  is  exaaly 
tevcrse  of  that  in  ihe  tables  of  reflecting  powers. 

The  radiating  powers  of  several  substances  were  determined  by  Desaii 
and  De  la  Provostaye,  who  used  the  therm o- multiplier.  They  found  in  th 
miiniier,  ihe  following  numbers  compared  with  lampblack  as  too  ; — 

riatinum  foil   ....     10*80     Pure  silver  laminated  .     yt 


Burnished  platinum 
Silver  deposited  chcmjcaliy 
Copper  foil 
Cold  leaf 


burnished 
deposited  chemi- 
cally and  bur- 


.      2-2S, 

for  the 


1 


L 


It  appears,  therefore,  that  ibe  radiating  power  found  by  Leslie 
metals  is  too  large. 

4:6.  Identlcr  of  ttae  abaorblDK  and  radlatlDK  powers. — The  absorb- 
ing power  of  a  body  cannot  be  accurately  deduced  from  its  refleciing  power, 
because  the  two  arc  not  exactly  complementarj'.  But  the  absorbing  power 
wDoid  be  determined  if  it  could  be  shown  that  in  ihe  same  body  it  is  equal 
10  ihe  radiating  power.  This  conclusion  has  been  drawn  by  Dulong  and 
I'etit  from  the  following  experiments  : — In  a  lar^e  glass  globe,  blackened  on 
the  inside,  was  placed  a  ihennomcter  at  n  eeriain  temperature,  15°  for  ex- 
ample ;  the  globe  was  kepi  at  icro  by  surrounding  it  with  ice,  and  having 
been  exhausted  by  means  of  a  lubulure  connected  with  the  air-psimp,  the  lime 
was  noted  which  elapsed  while  the  thermometer  fell  through  5°.  The  experi- 
ment was  then  made  in  the  contrary  direction  ;  that  is,  the  sides  of  the  globe 
i*«re  healed  to  1 5°,  while  the  thermometer  was  cooled  to  zero  :  the  lime  was 
then  observed  which  the  ihermomeier  occupied  ii 
(otind  ibai  this  time  was  exactly  the  same  as  th. 
had  taken  in  sinking  through  5°,  and  it  was 
ihcncc  concluded  (hat  the  radiating  power  is 
equal  10  the  absorbing  power  for  the  same 
body,  and  for  Ihe  same  difference  between  its 
lemperature  and  the  temperature  of  the  sur- 
rounding medium,  because  the  quanlities  of 
heal  emitted  or  absorbed  in  the  same  lime  are 
eiqual. 

Thin  point  may  also  be  demonstrated  by 
means  of  the  following  apparatus  deviled  by 
Kiichie.  Fig.  357  represents  what  is  virtually  a 
difllBrential  ihermomeier,  ihe  two  glass  bulbs  of 
■ihidt  aw  replaced  by  two  cylindrical  reseri'oirs 
Ii  and  C,  of  metal,  and  full  of  air.  Iiet«een 
ihem  is  a  third  and  larger  one  A,  which  can  be 
filled  with  hot  water  by  means  of  a  lubulure. 
Tlw  ends  of  B  and  of  A,  which  face  the  right, 
arc  coaird  with  lampbluck ;  those  of  C  and  of  A, 
which  bee  the  left,  are  either  painted  white, 
OT  are  coated  with  silver  foil.    Thus  one  of  the  ^"-  J"' 

two  facei  opposite  each  other  is  black,  and  ihe  other  white  ;  hence  when 
(be  cylinder  A  is  filled  with  hoi  waier,  its  while  face  radiates  towards  ihe 
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black  face  of  B,  and  its  black  face  towards  the  white  face  of  C.  Is  I 
these  circumstances  the  liquid  in  the  stem  does  not  move,  indicating  that  I 
the  two  reservoirs  are  at  the  same  temperature.  On  the  one  hand,  die  I 
greater  emissive  power  of  the  black  face  of  A  is  compensated  by  the  smaDer  I 
absorptive  power  of  the  white  face  of  C  ;  while,  on  the  other  hand,  the  ■ 
feebler  radiating  power  of  the  white  face  of  A  is  compensated  by  the  greater  ■ 
absorbing  power  of  the  black  face  of  H.  I 

The  experiment  may  be  varied  by  replacing  the  two  white  foces  by  discs  I 
of  paper,  glass,  porcelain,  &c.  I 

427*  Causes  wliieli  modify  tlie  refleotlnr,  absorbliiffv  abA  rmilatbf  I 
powers. — As  the  radiating  and  absorbing  powers  are  equal,  any  caose  ■ 
which  affects  the  one  affects  the  other  also.  And  as  the  reflecting  po«r  I' 
varies  in  an  inverse  manner,  whatever  increases  it  diminishes  the  nufialing  I 
and  absorbing  powers,  and  vice  versa,  I 

It  has  been  already  stated  that  these  different  powers  vary  with  different     ■ 
bodies,  and  that  metals  have  the  greatest  reflecting  power,  and  lampWack     ■ 
the  least.     In  the  same  body  these  powers  are  modified  by  the  d^ree  «     ■ 
polish,  the  density,  the  thickness  of  the  radiating  substance,  the  obliquity «     I 
the  incident  or  emitted  rays,  and,  lastly,  by  the  nature  of  the  source  <rf  heat     ■ 
It  has  been  usually  assumed  that  the  reflecting  power  increases  with  the     ■ 
polish  of  the  surface,  and  that  the  other  powers  diminish  therewith.    Bat     1 
Melloni  showed  that  by  scratching  a  polished  metallic  surface  its  rcfleciing     1 
power  was  sometimes  diminished  and  sometimes  increased.     This  pheno-      1 
menon  he  attributed  to  the  greater  or  less  density  of  the  reflecting  surface-      | 
If  the   plate   had  been  originally  hammered,   its   homogeneity  would  be 
destroyed  by  this  process,  the  molecules  would  be  closer  together  on  l^ 
surface  than  in  the  interior,  and  the  reflecting  power  would  be  increase<'' 
Hut  if  the  surface  is  scratched,  the  internal  and  less  dense  mass  become* 
exposed,  and  the  reflecting  power  diminished.     On  the  contrar>-,  in  a  plat 
which  has  not  been  hammered,  and  which  is  homogeneous,  the  reflecting 
power  is  increased  when  the  plate  is  scratched,  because  the  density  at  th^ 
surface  is  increased  by  the  scratches. 

Melloni  found  that  when  the  faces  of  a  cube  filled  with  water  at  a  constant 
temperature  were  varnished,  the  emissive  power  increased  with  the  numbcT 
of  layers  up  to  16  layers,  while  above  that  point  it  remained  constant, 
whatever  the  number.  The  thickness  of  the  16  layers  was  calculated  to  be 
0*04  mm.  With  reference  to  metals,  gold  leaves  of  o*oo8,  0*004,  and  creed 
of  a  millimetre  in  thickness,  having  been  successively  applied  on  the  sides 
of  a  cube  of  j^lass,  the  diminution  of  radiant  heat  was  the  same  in  each  case. 
It  appears,  therefore,  that,  beyond  certain  limits,  the  thickness  of  the  radiat- 
ing layer  of  metal  is  without  influence. 

The  absorbing  power  is  greatest  vihen  the  rays  are  at  right  angles  ;  and 
it  diminishes  in  proportion  as  the  incident  rays  deviate  from  the  normal. 
This  is  one  of  the  reasons  why  the  sun  is  hotter  in  summer  than  in  winter, 
because,  in  the  former  case,  the  sun's  rays  are  less  oblique. 

The  radiating  power  of  gaseous  bodies  in  a  state  of  combustion  is  very 
weak,  as  is  seen  by  bringing  the  bulb  of  a  thermometer  near  a  hydrogen 
flame,  the  temperature  of  which  is  very  high.  But  if  a  platinum  spiral  be 
placed  in  this  flame,  it  assumes  the  temperature  of  the  flame,  and  radiates 


amount  of  hear,  as  is  shown  by  the  thermometer.     For  a  similar 
the  tiamcs  of  oil  and  of  gRS  lamps  radiate  more  than  a  hydrogen 
in  consequence  of  the  excess  of  carbon   which  they  contain,  and 
Mbicb,  not  being  entirely  burned,  becomes  incandescent  in  the  flame, 

,z8.  BfaUoiil'a  raaakroliea  on  ntdlaat  heat. — For  our  knowledge  of 
phenomena  of  the  reflection,  emission,  and  absorption  of  heat  which 
fca**  up  to  now  been  described,  science  is  indebted  mainly  to  Leslie.  But 
he  discovery  of  other  and  far  more  delicate  modes  of  de- 
lecting and  measuring  heai,  has  not  only  extended  and  corrected  our 
previous  knowledge,  but  has  led  to  the  discovery  ot  other  phenomena  of 
ndiant  heat,  which,  without  such  improved  means,  must  have  remained 
Unknown. 

This  advance  in  science  is  due  to  an  Italian  philosopher,  Melloni,  who 
first  applied  the  thermo-electric  pile,  invented  by  Nobili,  to  the  measurement 
cf  very  small  differences  of  temperature ;  a  method  of  which  a  preliminary 
account  has  already  been  given  {41  a). 

In  his  experiments  Melloni  used  five  sources  of  heat — 1st,  a  Locatelli's 
lamp— one,  that  is,  without  a  glass  chimney,  but  provided  with  a  reflector 
ing.  358):  2nd.  an  ^^-^ 

Argsad  Ump.  that  '■   ^' 

"sonewithaehim- 
My  and  a  double 
■iiai^i  ;  3rd,  a 
platinum  spii  . 
tept  red-hot  by  a 
•pitil  lamp  ffig. 
J5W  i  4lh,  a  black- 
twd  copper  plate, 
^fm  »l  a  leiii- 
PftHiure  of  about 
Wo  degrees  by  a 
■pirii  lamp     (fij;. 

)'*l;)lh,  ft  copper  ■ """  "'"■  "  - -"""  --^-^  -  -  ■"■ 

l"l»,  blackened  on  the  iiulsidc-  and  filled  with  water  at  roo"  (fig.  361}. 
439.  SjnNmloaJ  tbeory  ol  Ileal. — Before  describing  the  results  ; 
I  tiy  .Melloni  and  others,  it  will  be  convenient  to  explain  here  the  view 
(fntrally  taken  as  to  the  mode  in  which  heat  is  propagated.  For  additional 
■nfcHHuiion  the  chapter  on  the  Mechanical  Theory  of  Heat  and  the  book  on 
Liuhl  shnuld  be  read.  According  10  what  has  been  already  stated  (292),  a 
'm  body  is  nothing  more  than  one  whose  particles  are  in  a  state  of  vibration. 
The  higher  the  temperature  of  the  body,  the  more  rapid  are  these  vibrations, 
uda  diminution  m  temperature  is  but  a  diminished  rapidity  of  vibration  of 
ittt  panicles.  The  propagation  of  heal  through  a  bar  is  due  10  a  gradual 
nnnmunicaiion  of  this  vibratory  motion  from  the  heated  part  to  the  rest  of 
(he  bar.  A  good  conductor  is  one  which  readily  takes  up  and 
ribratory  motion  from  particle  10  particle,  while  a  bad  conductor  is  one  which 
lain  up  and  transmits  the  motion  with  difficulty.  But  even  through  the  best 
ondocton  the  propagation  of  this  motion  is  comparatively  slow.  How  then 
JJMWIO  explain  the  instantaneous  perception  of  heat  experienced  when  a 
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screen  is  removed  from  a  fire,  or  when  a  cloud  drifts  from  the  face  of 
the  sun  ?  In  this  case,  the  heat  passes  from  one  body  to  another  without 
affecting  the  temperature  of  the  medium  which  transmits  it.  In  order  to 
explain  these  phenomena,  it  is  imagined  that  all  space,  the  interplanetary 
spaces  as  well  as  the  interstices  in  the  hardest  cr>'stal  or  the  heaviest  metal, 
in  short,  matter  of  any  kind,  is  permeated  by  a  medium  having  the  properties 
of  a  fluid  of  infinite  tenuity,  called  ether.  The  particles  of  a  heated  body 
being  in  a  state  of  intensely  rapid  vibration,  communicate  their  motion  to 
the  ether  around  them,  throwing  it  into  a  system  of  waves  which  travel 
through  space  and  pass  from  one  body  to  another  with  the  velocity  of  light. 
When  the  undulations  of  the  ether  reach  a  given  body,  the  motion  is  again 
delivered  up  to  the  particles  of  that  body,  which  in  turn  begin  to  vibrate  ; 
that  is,  the  body  becomes  heated.  This  passage  of  motion  through  the 
hypothetical  ether  is  termed  radiation,  and  a  so-called  ray  of  heat  is  merely 
the  direction  of  the  motion  of  one  series  of  waves. 

It  will  facilitate  the  understanding  of  this  to  consider  the  analogous  mode 
in  which  sound  is  produced  and  propagated.  A  sounding  body  is  one  whose 
entire  mass  is  in  a  state  of  vibration  (222) ;  the  more  rapid  the  rate  of  vibra- 
tion, the  more  acute  the  sound  ;  the  slower  the  rate  of  vibration,  the  deeper 
the  sound.  This  vibratory  motion  is  communicated  to  the  surrounding  air,  by 
means  of  which  the  vibrations  reach  the  auditory  ner\'e,  and  there  produce 
the  sensation  of  sound.  If  a  metal  ball  be  heated,  say,  to  the  temperature 
of  boiling  water,  we  can  ascertain  that  it  radiates  heat,  although  we  cannot 
see  any  luminosity  ;  and  if  its  temperature  be  gradually  raised,  we  see  it 
become  successively  of  a  dull  red,  bright  red,  and  dazzling  white.  At  each 
particular  temperature  the  heated  body  emiti  waves  of  a  definite  length  ;  in 
other  words,  its  particles  vibrate  in  a  certain  period.  As  its  temperature 
rises  it  sends  out  other  and  more  rapid  vibrations,  which  coexist,  how- 
ever, with  all  those  which  it  had  previously  emitted.  Thus  the  motion  at 
each  successive  temperature  is  compounded  of  all  preceding  ones. 

It  has  been  seen  that  vibrations  of  the  air  below  and  above  a  certain  rate 
do  not  affect  the  auditory  nerve  (244)  ;  it  can  only  take  up  and  transmit  to  the 
brain  vibrations  of  a  certain  periodicity.  So  loo  with  the  vibrations  which 
produce  light.  The  optic  nerve  is  insensible  to  a  large  number  of  wave- 
lengths. It  can  apprehend  only  those  waves  that  form  the  visible  spectrum. 
If  the  rate  of  undulation  be  slower  than  the  red  or  faster  than  the  violet, 
though  intense  motion  may  pass  through  the  humours  of  the  eye  and  fall 
upon  the  retina,  yet  we  shall  be  utterly  unconscious  of  the  fact,  for  the 
optic  nerve  cannot  take  up  and  respond  to  the  rale  of  vibrations  which  exist 
beyond  the  visible  spectrum  in  both  directions.  Hence  these  are  lermed 
invisible  or  obscure  rays.  A  vast  quantity  of  these  obscure  rays  is  emitted 
by  flames  which,  though  intensely  hot,  are  yet  almost  non-luminous,  such  as 
the  oxy-hydrogen  flame,  or  that  of  a  I5unsen's  burner  ;  for  the  vibrations 
which  these  emit,  though  capable  in  part  of  penetrating  the  media  of  the 
eye,  are  incapable  of  exciting  in  the  optic  nerve  the  sensation  of  light. 

430.  Tli^rmal  analysis  of  solar  ligrlit. — When  a  beam  of  sun-light  (fig. 
362),  admitted  through  an  aperture  in  a  dark  room,  is  concentrated  on  a  prism 
of  rock  salt  by  means  of  a  lens  of  the  same  material,  and  then,  after  emerging 
from  the  prism,  is  received  on  a  screen,  it  will  be  found  to  present  a  band  of 
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colours  in  the  following  order  :  red,  orange,  yellow,  green,  blue,  and  violet. 
This  is  called  the  spectrum  (564). 

If  now  a  narrow  and  delicate  thermo-pile  be  placed  successively  on  the 
space  occupied  by  each  of  the  colours,  it  will  be  scarcely  affected  on  the 
violet,  but  in  passing  over  the  other  colours  it  will  indicate  a  gradual  rise  of 
temperature,  which  is  greatest  at  the  red.  Painters,  thus  guided  by  a  cor> 
rect  but  unconscious  feeling,  always  speak  of  blue  and  green  colours  as  cold, 
and  of  red  and  orange  as  warm  tones.  If  the  pile  be  now  moved  in  the 
same  direction  beyond  the  limits  of  the  luminous  spectrum,  the  temperature 
will  gradually  rise  up  to  CP,  at  which  it  attains  its  maximum.  From  this 
point  the  pile  indicates  a  decrease  of  temperature  until  it  reaches  a  point,  O, 
where  it  ceases  to  be  affected.  This  point  is  about  as  distant  from  R  as  the 
latter  is  from  V  ;  that  is,  there  is  a  region  in  which  thermal  effects  are  pro- 
duced extending  as  far  beyond  the  red  end  of  the  spectrum  in  one  direction 
as  the  entire  length  of  the  visible  spectrum  is  in  the  other.  In  accordance 
with  what  we  have  stated,  the  sun's  light  consists  of  rays  of  different  rates  of 
vibration ;  by  their  passage  through  the  prism  they  are  unequally  broken  or 


Fig.  36a. 

refracted  ;  those  of  greatest  wave  length  or  slowest  vibrating  period  are  least 
bent  aside,  or  are  said  to  be  the  least  refrangible,  while  those  with  shorter 
wave-lengths  are  the  most  refrangible. 

These  non-luminous  rays  outside  the  red  are  called  the  extra  or  ultra-red 
rays,  or  sometimes  the  Herschelian  rays,  from  Sir  W.  Herschel,  who  first 
discovered  their  existence. 

If,  in  the  above  case,  prisms  of  other  materials  than  rock  salt  be  used,  the 
position  of  maximum  heat  will  be  found  to  vary  with  the  nature  of  the  prism, 
a  fact  first  noticed  by  Seebeck.  Thus  with  a  prism  of  water  it  is  in  the  yellow, 
with  one  of  crown  glass,  in  the  middle  of  the  red,  and  so  on.  These  changes 
are  due  to  the  circumstance  that  prisms  of  different  materials  absorb  rays  of 
different  refrangibility  to  unequal  extents.  But  rock  salt  practically  allows  heat 
of  all  kinds  to  pass  with  equal  facility,  and  thus  gives  a  normal  spectrum. 

431.  T^d«ll*s  resemrolies. — Tyndall  investigated  the  spectrum  pro- 
duced by  the  electric  light,  by  the  following  mode  of  experimenting  : — The 
electric  light  was  produced  between  charcoal  points  by  a  Grove's  battery  of 
fifty  cells.  The  beam,  rendered  parallel  by  a  double  rock-salt  lens,  was 
caused  to  pass  through  a  narrow  slit,  and  then  through  a  second  lens  of  rock 
salt ;  the  slices  of  white  light  thus  obtained  being  decomposed  by  a  prism 
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of  the  same  material.  To  investigate  the  thermal  conditions  of  the  spec- 
trum a  linear  thermo-electric  pile  was  used  ;  that  is,  one  consisting  of  a 
number  of  elements  arranged  in  a  line,  and  in  front  of  which  was  a  slit  that 
could  be  narrowed  to  any  extent.  The  instrument  was  mounted  on  a 
movable  bar  connected  with  a  fine  screw,  so  that  by  turning  a  handle  the 
pile  could  be  pushed  forward  through  the  smallest  space.  On  placing  this 
apparatus  successively  in  'each  part  of  the  spectrum  of  the  electric  light, 
the  heating  effected  at  various  points  near  each  other  was  determined  by  the 
indications  of  a  very  delicate  galvanometer.  As  in  the  case  of  the  solar 
spectrum,  the  heating  effect  gradually  increased  from  the  violet  end  towards 
the  red,  and  was  greatest  in  the  dark  space  beyond  the  red.  The  position 
of  the  greatest  heat  was  about  as  far  from  the  limit  of  the  visible  red  as  the 
latter  was  from  the  green,  and  the  total  extent  of  the  invisible  spectrum  was 
found  to  be  twice  that  of  the  visible. 

The  increase  of  temperature  in  the  dark  space  is  very  considerable.     If 
thermal  intensities  are  represented  by  perpendicular  lines  of  proportionate 

2  length,       erected 

at  those  parts  of 
the  spectrum  to 
which  they  cor- 
respond, on  pass- 
ing beyond  the 
red  end  these 
lines  increase 
rapidly  and 
greatly  in  length, 
reach  a  maxi- 
mum, and  then 
fall  somewhat 
more  suddenly. 
If  these  lines  are 
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connected,  they  form  a  curve  (fig.  363),  which  beyond  the  red  represents 
a  peak,  quite  dwarfing  that  of  the  visible  spectrum.  In  fig.  364,  the  dark 
parts  at  the  end  represent  the  obscure  radiation.  The  curve  is  based,  in  the 
manner  above  stated,  on  the  results  obtained  by  Tyndall  with  the  electric 
light.  The  upper  curve  in  fig.  364  represents  the  spectrum  of  sun-light  from 
the  experiments  of  Miiller  with  a  rock-salt  prism,  while  the  lower  curve 
represents  the  results  obtained  with  the  use  of  a  flint-glass  prism,  which  is 
thus  seen  to  «ibsorb  some  of  the  ultra-red  radiation. 

Tyndall  found  that  by  interposing  various  substances,  more  especially 
water,  in  certain  thicknesses,  in  the  path  of  the  electric  light,  the  ultra-red 
radiation  was  greatly  diminished.  Now  aqueous  vapour,  like  water,  absorbs 
the  obscure  rays.  And  probably  the  reason  why  the  obscure  part  of  the 
spectrum  of  sun-light  is  not  so  intense  as  in  the  case  of  the  electric  light  is 
that  the  obscure  rays  have  been  already  partially  absorbed  by  the  aqueous 
vapour  of  the  atmosphere.  If  a  solar  spectrum  could  be  produced  outside 
the  atmosphere,  it  doubtless  would  give  a  spectrum  more  like  that  of  the 
electric  light,  which  is  unaffected  by  the  atmospheric  absorption. 

This  has  been  confirmed  in  other  ways.     Melloni  observed  that  the 


Luminous  and  Obscure  Radiation. 


-4Xt\ 

position  of  the  maximum  in  the  solar  spectr 
which  is  probably  due  to  the  varying  absorpti 
sequence  of  its  varying  hygrometric  state. 
same  shifting  of 


im  differs  on  different  days  ; 
m  of  the  atmosphere,  in  con- 
Secchi,  in  Rome,  found  the 


fanher  from  the 
red  than  in  sum-  '■'^™ 

mer,  when  the  aqueous  vapour  in  the  air  is  most  abundant.  An  impor- 
tant observation  on  the  luminous  rays  has  also  been  made  by  Cooke,  in 
America,  who  found  that  the  faint  black  lines  in  the  solar  spectrum  attributed 
to  the  absorption  of  light  by  our  atmosphere  (see  book  on  Optics)  are  chiefly 
caused  by  the  presence  of  aqueous  vapour. 

432.  TiH"*'-"**  uid  ottarara  raaiKMon. — The  radiation  from  a  luminous 
object,  a  gas  flame  for  example,  is  of  a  composite  character  ;  a  portion  con- 
sists of  what  we  term  light,  but  a  far  greater  part  consists  of  heat  rays, 
which  are  insensible  to  our  eyes,  being  unable  to  alfeci  the  optic  nerve. 
When  this  mixed  radiation  falls  upon  the  blackened  face  of  a  thermo-electric 
pile,  the  whole  of  it  is  taken  to  be  absorbed,  the  light  by  this  act  bein^ 
converted  into  heat,  and  affecting  the  instrument  proportionally  with  the 
purely  calorific  rays.  The  total  radiation  of  a  luminous  source,  expressed 
in  units  of  heat  or  force,  can  thus  be  measured.  By  introducing  into  the 
path  of  the  rays  a  body  capable  of  stopping  either  the  luminous  or  the 
obscure  radiation,  we  can  ascertain  by  the  comparative  action  on  the  pile 
the  relative  quantities  of  heat  and  light  radiated  from  the  source.  Melloni 
sought  to  do  this  by  passing  a  luminous  beam  through  a  layer  of  water 
containing  alum  in  solution  ;  a  liquid  which  he  found  in  previous  experi- 
ments absorbed  all  the  radiation  from  bodies  heated  under  incandescence. 
Comparing  the  transmission  through  this  liquid^which  allowed  the  luminous 
part  of  the  beam  to  pass,  but  quenched  the  obscure  portion^wiih  the  trans- 
mission through  a  plate  of  rock  salt — which  affected  neither  the  luminous  nor 
the  obscure  radiation,  but  gave  the  loss  due  to  reflection—  Melloni  found 
that  90  per  cent,  of  the  radiation  from  an  oil  flame  and  99  per  cent,  of  the 
radiation  from  an  alcohol  flame  consist  of  invisible  caloriflc  rays.  This  pro- 
portion has  been  still  further  increased  by  the  experiments  of  Tyndall,  who 
employed  a  solution  of  iodine  in  bisulphide  of  carbon,  which  he  found  to  be 
impervious  to  the  most  intense  light,  but  very  pervious  10  radiant  heal  ;  only 
a  slight  absorption  being  effected  by  the  bisulphide.  By  successively  com- 
paring the  transmission  through  the  transparent  bisulphide,  and  the  trans- 
mission through  the  same  liquid  rendered  opaque  by  iodine,  the  value  of  the 
luminous  radiation  from  various  sources  was  found  to  be  as  follows  ; — 
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Source  Luminous        Obscure 

Red-hot  spiral  .....  o  loo 

Hydrogen  flame 


Oil  flame 
Gas  flame 
White-hot  spiral 
Electric  light . 


o  loo 

3  97 

4  96 
4-6  954 

ID  90 


Here  by  direct  experiment  the  ratio  of  luminous  to  obscure  rays  in  the 
electric  light  is  found  to  be  10  per  cent,  of  the  total  radiation.  By  prismatic 
analysis,  the  curve  shown  in  fig.  363  was  obtained,  graphically  representing 
the  proportion  of  luminous  to  obscure  rays  in  the  electric  light ;  by  calculating 
the  areas  of  the  two  spaces  in  the  diagram,  the  obscure  portion,  DCBA,  is 
found  to  be  nearly  10  times  as  large  as  the  luminous  one,  DCE. 

433.  TransmntattoB  of  obscure  rajs. — We  shall  find,  in  speaking  of 
the  luminous  spectrum,  that  beyond  the  violet  theye  are  rays  which  are  in- 
visible to  the  eye,  but  which  are  distinguished  by  their  chemical  action,  and 
are  spoken  of  as  the  actinic  or  chemical  rays ;  they  are  also  known  as  the 
Ritteric  rays,  from  the  philosopher  who  first  discovered  their  existence. 

As  we  shall  afterwards  see  in  the  book  on  Optics,  Stokes  has  succeeded 
in  converting  these  rays  into  rays  of  lower  refrangibility,  which  then  become 
visible  ;  so  T)Tidall  has  effected  the  corresponding  but  inverse  change,  and 
has  increased  the  refrangibility  of  the  Herschelian  or  extra  red  rays,  and 
thus  rendered  them  visible.  The  charcoal  points  of  the  electric  light  were 
placed  in  front  of  a  concave  silvered  glass  mirror  in  such  a  manner  that 
the  rays  from  the  points  after  reflection  were  concentrated  to  a  focus  abdut 
6  inches  distant.  On  the  path  of  the  beam  was  interposed  a  cell  full  of  a 
solution  of  iodine  in  bisulphide  of  carbon,  which  (432)  has  the  power  of  com- 
pletely stopping  all  luminous  radiation,  but  gives  free  passage  to  the  non- 
luminous  rays.  On  now  placing  in  the  focus  of  the  beam,  thus  sifted,  a  piece 
of  platinum,  it  was  raised  to  incandescence  by  the  impact  of  perfectly  invisible 
rays.     In  like  manner  a  piece  of  charcoal  in  vacuo  was  heated  to  redness. 

By  a  proper  arrangement  of  the  charcoal  points  a  metal  may  be  raised 
to  whiteness,  and  the  light  now  emitted  by  the  metal  yields  on  prismatic 
analysis  a  brilliant  luminous  spectrum,  which  is  thiis  entirely  derived  from 
the  invisible  rays  beyond  the  red.  To  the  new  phenomena  here  described, 
to  this  transmutation  of  non-luminous  into  luminous  heat,  Tyndall  has 
applied  the  word  calorescence. 

When  the  eye  was  cautiously  placed  in  the  focus,  guarded  by  a  small 
hole  pierced  in  a  metal  screen,  so  that  the  converged  rays  should  only  enter 
the  pupil  and  not  affect  the  surrounding  part  of  the  eye,  no  impression  of 
light  was  produced,  and  there  was  scarcely  any  sensation  of  heat.  A  con- 
siderable portion  was  absorbed  by  the  humours  of  the  eye,  but  yet  a  power- 
ful beam  undoubtedly  reached  the  retina ;  for,  as  Tyndall  showed  by  a 
separate  experiment,  about  18  per  cent,  of  the  obscure  radiation  from  the 
electric  light  passed  through  the  humours  of  an  ox's  eye. 

434.  TrttBsmissioii  of  tbormal  rajs. — Melloni  was  the  first  who  ex- 
amined extensively  and  accurately  the  absorption  of  heat  by  solids  and 
liquids.  The  apparatus  he  employed  is  represented  in  fig.  365,  where  AB  is 
the  thermo-electric  pile  ;  a  is  a  support  for  the  source  of  heat,  in  this  case  a 
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Locatellt's  lamp ;  F  and  E  i 
tiipeHmeated  on  ;  while  m  is 
mtier. 


;  screens,  and  C   is  a  support  for  the  body    , 
he  support  for  ihe  pile,  and  D  the  galvanu-    i 


The  various  sources  of  heat  used  by  Melloni  in  his  esperiments  have 
been  alre&dy  (438)  enumerated. 

To  express  the  power  which  bodies  have  of  transmitting  heat,  Melloni 
used  the  term  dialhennancy :  diathermancy  bears  (he  same  relation  to 
radiant  heal  that  transparency  does  to  light;  and  in  like  manner  the  power 
of  stopping  radiant  heat  is  called  athertnancy,  which  thus  corresponds  to 
opacity  for  light.  In  experimenting  on  Ihe  diathermancy  of  liquids,  Melloni 
used  glass  troughs  with  parallel  sides,  the  thickness  of  the  liquid  layer  being 
0-36  in.  The  radiant  heal  of  an  Argand  lamp  \iith  a  glass  chimney  was 
first  allowed  to  fall  directly  on  Ihe  face  of  the  pile,  anit  the  deflection  pro- 
duced in  the  galvanometer  taken  as  the  total  radiation  ;  the  substance  under 
examination  was  then  interposed,  and  the  deflection  noted.  This  corre- 
•panded  10  the  quantity  of  heat  transmitted  by  the  substance.  If  /  indicate 
this  latter  number,  and  t  the  loial  radiation,  then 


f 
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whicb  is  the  percentage  of  rays  transmitted.    Thus,  calling  ihe  total  radia- 
tton  100^  Melloni  found  that 

Bisulphide  of  carbon  transmitted  ......  63 

Olive  oil                             „  30 

Ether                                 „  ai 

Sulphuric  acid                    „  17 

Alcohol                              „  15 

.Solution  of  alum  or  sugar  „  12 

Distilled  water                     „  11 

In  experimenting  with  solids  they  were  cut  into  plates  o'l  inch  in  thick- 
ness, and  it  was  found  that  of  every  100  rays  there  was  transmitted  by 
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^moky  quartz 

Transparent  carbonate  of  lead 
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92     Selenite 

67     Alum  . 

52     Sulphate  of  copper 
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20 
12 
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The  transmission  of  heat  through  liquids  has  been  re-examined  by 
Tyndall  in  the  following  way  : — Instead  of  employing  a  glass  vessel  to  hold 
the  liquids  under  examination,  he  made  use  of  a  little  cell  whose  ends  were 
stopped  by  parallel  plates  of  rock  salt.  The  plates  were  separated  by  a  ring 
of  brass  with  an  aperture  on  the  top  through  which  the  liquid  could  be 
poured.  As  this  plate  could  be  changed  at  will,  liquid  layers  of  various 
thicknesses  were  easily  obtainable,  the  apparatus  being  merely  screwed 
together  and  made  liquid-tight  by  paper-washers.  The  instrument  was 
mounted  on  a  support  before  an  opening  in  a  brass  screen  placed  in  front 
of  the  pile.  The  source  of  heat  employed  was  a  spiral  of  platinum  wire 
raised  to  incandescence  by  an  electric  current,  the  spiral  being  inclosed  in 
a  small  glass  globe  with  an  aperture  in  front,  through  which  the  radiation 
passed  unchanged  in  its  character,  a  point  of  essential  importance  overlooked 
by  Melloni.  The  following  table  contains  the  results  of  experiments  made 
with  liquids  in  the  various  thicknesses  indicated,  the  numbers  expressing 
the  absorption  per  cent,  of  the  total  radiation.  The  transmission  per  cent, 
can  be  found  in  each  case  by  subtracting  the  absorption  from  rcx).  Thus  a 
layer  of  water  02  inch  thick  absorbs  807  and  transmits  19*3  per  cent,  of  the 
radiation  from  a  red-hot  spiral. 

Absorption  0/ heat  by  liquids. 


Li«iuid 


Bisulphide  of  carb6n 

Chloroform 

Iodide  of  methyl 

Benzole 

Amylene 

Ether 

Alcohol 

Water 


Thickness  of  liquid  in  parts  of  an  inch 


o  02 
5-5 

1 6-6 

36-1 

43*4 

58-3 

63-3 

67-3 
807 


0*04 


o'o7 


0-I4 


o  27 


8-4     i 

12*5 

15-2 

^7'3 

25-0 

35-0 

40*0 

448 

46-5 

53*2 

65-2 

68-6 

557 

62-5 

715 

736 

65-2 

73*6 

777 

823 

73-5 

76*1 

78-6 

852 

78-6 

836 

85-3 

89*  I 

861 

88-8 

91-0 

91-0 

It  appears  from  these  tables  that  there  is  no  connection  between  dia- 
thermancy and  transparency.  The  liquids,  except  olive  oil,  are  all  colourless 
and  transparent,  and  yet  vary  as  much  as  75  per  cent,  in  the  amount  of 
heat  transmitted.  Among  solids,  smoky  quartz,  which  is  nearly  opaque  to 
light,  transmits  heat  very  well ;  while  alum,  which  is  perfectly  transparent, 
cuts  off  88  per  cent,  of  heat  rays.  As  there  are  different  degrees  of  trans- 
parency, so  there  are  different  degrees  of  diathermancy  ;  and  the  one  cannot 
be  predicated  from  the  other. 

By  studying  the  transmission  of  heat  from  different  parts  of  the  spec- 
trum separately,  the  connection  between  light  and  heat  becomes  manifest. 
With   this  view   Masson   and   Jamin  received   the   spectrum  of  the  solar 
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light  given  by  a  prism  of  rock  salt  on  a  movable  screen  provided  with  an 
aperture,  so  that  by  raising  or  lowering  the  screen  the  action  of  any  given 
part  of  the  spectrum  on  different  plates  could  be  investigated.  They  thus 
found — 

That  glass,  rock  crystal,  ice,  and  generally  substances  transparent  for 
light,  are  also  diathermanous  for  all  kinds  of  luminous  heat ; 

That  a  coloured  glass,  red,  for  instance,  which  only  transmits  the  red  rays 
of  the  spectrum,  and  extinguishes  the  others,  also  extinguishes  every  kind  of 
luminous  heat,  excepting  that  of  the  red  rays  ; 

That  glass  and  rock  crystal,  which  are  diathermanous  for  luminous  heat, 
also  transmit  the  obscure  heat  near  the  red — that  is,  the  most  refrangible — 
but  extinguish  the  extreme  obscure  rays,  or  those  which  are  the  least  de- 
flected by  the  prism.  Alum  extinguishes  a  still  greater  proportion  of  the 
obscure  spectrum,  and  ice  stops  it  altogether. 

Knoblauch  has  shown  that  very  thin  layers  of  gold,  silver,  and  platinum, 
which  are  known  to  transmit  luminous  rays  of  a  definite  colour,  also  allow 
rays  of  heat  to  pass  ;  so  that  these  substances  are  diathermanous,  though  in 
a  small  degree.    This  is  also  the  case  with  thin  sheets  of  ebonite. 

435.  Influeaoe  of  tlie  nature  of  the  beat. — The  diathermanous  power 
differs  greatly  with  the  heat  from  different  sources,  as  is  seen  from  the 
following  table,  in  which  the  numbers  express  what  proportion  of  every 
100  rays  from  the  different  sources  of  heat  incident  on  the  plates  is  trans- 
mitted : — 


i     Locatelli's 

1  Incandescent 

^^                                ft 

/-                    .           c 

lamp 

'platinum  wire 

Copper  at  400° 

Copper  at  loo*^ 

Rock  salt  . 

•    1           92 

92 

92 

92 

Fluor  spar 

78 

69 

42 

33 

Plate  glass 

39 

24 

6 

0 

Black  glass 

26 

5S 

12 

0 

Selenite 

14 

5 

0 

0 

Alum 

9 

2 

0 

0 

Ice 

6 

05 

0 

0 

These  different  sources  of  heat  correspond  to  light  from  different  sources. 
Rock  salt  is  here  stated  to  transmit  all  kinds  of  heat  with  equal  facility,  and 
to  be  the  only  sub:itance  which  does  so.  It  is  analogous  to  white  glass, 
which  is  transparent  for  light  from  all  sources.  Fluor  spar  transmits  78  per 
cent,  of  the  rays  from  a  lamp,  but  only  2>3  o^  those  from  a  blackened  surface 
at  100®.  A  piece  of  plate  glass  only  one-tenth  of  an  inch  thick,  and  perfectly 
transparent  to  light,  is  opaque  to  all  the  radiation  from  a  source  of  100®, 
transmits  only  6  per  cent,  of  the  heat  from  a  source  at  400°,  and  but  39  of 
the  radiation  from  the  lamp.  Black  glass,  on  the  contrary,  though  it  cuts 
off  all  heat  from  a  source  at  100°,  allows  12  per  cent,  of  the  heat  at  400°  to 
pass,  and  is  equally  transparent  to  the  heat  from  the  spiral,  but  on  account 
of  its  blackness  is  more  opaque  to  the  heat  from  the  lamp.  As  we  have 
already  seen,  every  luminous  ray  is  a  heat  ray  ;  now  as  several  of  the  sub- 
stances in  this  table  are  pervious  to  all  the  luminous  rays,  and  yet,  as  in  the 
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case  of  ice,  transmit  about  6  per  cent,  of  luminous  heat,  we  have  an  apparent 

anomaly ;  which,  however,  is  only  a  confirmation  of  the  remarkably  small 

proportion  which  the  luminous  rays  of  a  lamp  bear  to  the  obscure. 

From  these  experiments  Melloni  concluded  that  as  the  temperature  of 

the  source  rose,  more  heat  was  transmitted.    This  has  been  confirmed  by 

some  experiments  of  Tyndall.    The  platinum  lamp,  previously  described, 

was  used  as  the  source,  the  temperature  of  which  could  be  varied  from  a 

dark  to  a  brilliant  white  heat,  without  disturbing  in  any  way  the  position 

of  the  apparatus  ;    the  gradations  of  temperature  being  obtained  by  a 

gradual  augmentation  of  the  strength  of  the  electric  current  which  heated 

the  platinum  spiral.     Instead  of  liquids,  vapours  were  examined  in  a  manner 

to  be  described  subsequently  ;  the  measurements  are  given  in  the  following 

table  : — 

Absorption  of  heat  by  vapours. 


Name  of  vapour 


Source,  platinum  spiral 


Bisulphide  of  carbon 

Chlorofonn 

Iodide  of  methyl 

Benzole 

Ether 

Formic  ether     . 

Acetic  ether 


Barely  visible 

Bright  red 

White  hot 

Near  fusion  ! 

1 

6-5 

47 

2"9 

2*5 

91 

6-3 

5-6 

3*9 

12*5 

9*6 

r^ 

26-4 

20-6 

16-5 

43-4 

31*4 

259 

237 

45*2 

31-9 

25*1 

21*3 

49-6 

346 

27*2 

The  percentage  of  rays  absorbed  is  here  seen  to  diminish  in  each  case 
as  the  temperature  of  the  source  rises.  Mere  elevation  of  temperature  does 
not,  however,  invariably  produce  a  high  penetrative  power  in  the  rays 
emitted  ;  the  rays  from  sources  of  far  higher  temperature  than  any  of  the 
foregoing  are  more  largely  absorbed  by  certain  substances  than  are  the  rays 
emitted  from  any  one  of  the  sources  as  yet  mentioned.  Thus  Tyndall  found 
that  the  radiation  from  a  hydrogen  flame  was  completely  intercepted  by  a 
layer  of  water  only  0-27  of  an  inch  thick,  the  same  layer  transmitting  9  per 
cent,  of  the  radiation  from  the  red-hot  spiral,  a  source  of  much  lower  tem- 
perature. The  explanation  of  this  is,  that  those  rays  which  heated  water 
emits  (and  water,  the  product  of  combustion,  is  the  main  radiant  in  a 
hydrogen  flame)  are  the  very  ones  which  this  substance  most  largely  absorbs. 
This  statement,  which  will  become  clearer  after  reading  the  analogous 
phenomena  in  the  case  of  light,  was  exemplified  by  the  powerful  absorp- 
tion of  the  heat  from  a  carbonic  oxide  flame  by  carbonic  acid  gas.  It 
will  be  seen  presently  (438)  that  of  the  rays  from  a  heated  plate  of  copper, 
olefiant  gas  absorbs  10  times  the  quantity  intercepted  by  carbonic  acid, 
whilst  of  the  rays  from  a  carbonic  oxide  flame  Tyndall  found  carbonic  add 
absorbed  twice  as  much  as  olefiant  gas.  A  tenth  of  an  atmosphere  of  carbonic 
acid,  inclosed  in  a  tube  4  feet  long,  absorbs  60  per  cent,  of  the  radiation  from 
a  carbonic  oxide  flame.  Radiant  heat  of  this  character  can  thus  be  used  as 
a  delicate  test  for  the  presence  of  carbonic  acid,  the  amount  of  which  may 
even  be  accurately  measured  by  the  same  means.     Prof.  Barrett  made  in 
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thisway  a^^j/Vo/  analysis  of  the  human  breath.  In  one  experiment  the 
carbonic  acid  contained  in  breath  physically  analysed  was  found  to  be  4*65 
per  cent.,  whilst  the  same  breath  chemically  analysed  gave  4*66  per  cent. 

436.  Znflueaoe  of  tbe  tbiokaess  and  aatare  of  soreeas. — It  will  be 
seen  from  the  table  (435)  that  of  every  100  rays  rock  salt  transmits  92.  The 
other  8  may  either  have  been  absorbed  or  reflected  from  the  surface  of  the 
plate.  According  to  Melloni,  the  latter  is  the  case  ;  for  if,  instead  of  on  one 
plate,  heat  be  allowed  to  fall  on  two  or  more  plates  whose  total  thickness 
does  not  exceed  that  of  the  one,  the  quantity  of  heat  arrested  will  be  propor- 
tional to  the  number  of  reflecting  surfaces.  He  therefore  concluded  that 
rock  salt  was  quite  diathermanous. 

The  experiments  of  later  observers  show  that  this  conclusion  is  not  strictly 
correct ;  rock  salt  does  absorb  a  very  small  proportion  of  obscure  rays. 

The  quantity  of  heat  transmitted  through  rock  salt  is  practically  the 
same,  whether  the  plate  be  i,  2,  or  4  millimetres  thick.  But  with  other  bodies 
absorption  increases  with  the  thickness,  although  by  no  means  in  direct 
proportion.  This  is  seen  to  be  the  case  in  the  table  of  absorption  by  liquids 
at  different  thicknesses.  The  following  table  tells  what  proportion  of 
i|0oo  rays  from  a  Locatelli's  lamp  pass  through  a  glass  plate  of  the  given 
thickness : — 

Thickness  in  millimetres    .0-512345678 
Rays  transmitted        .        -775  733  682  653  634  620  609  600  592 

The  absorption  takes  place  in  the  first  layers  ;  the  rays  which  have  passed 
these  possess  the  property  of  passing  through  other  layers  in  a  higher  degree, 
so  that  beyond  the  first  layers  the  heat  transmitted  approaches  a  certain 
constant  value.  If  a  thin  glass  plate  be  placed  behind  another  glass  plate 
a  centimetre  thick,  the  former  diminishes  the  transmission  by  little  more 
^han  the  reflection  from  its  surface.  But  if  a  plate  of  alum  were  placed  be- 
hind the  glass  plate,  the  result  would  be  different,  for  the  latter  is  opaque  for 
™uch  of  the  heat  transmitted  by  glass. 

Heat,  therefore,  which  has  traversed  a  glass  plate  traverses  another  plate 
^f  the  same  material  with  very  slight  loss,  but  is  very  greatly  diminished  by 
a  plate  of  alum.  Of  100  rays  which  had  passed  through  green  glass  or  tour- 
"^ine,  only  5  and  7  were  respectively  transmitted  by  the  same  plate  of 
•dumu  A  plate  of  blackened  rock  salt  only  transmits  obscure  rays,  while 
^I'lm  extinguishes  them.  Consequently,  when  these  two  substances  are 
superposed,  a  system  impervious  to  light  and  heat  is  obtained. 

These  phenomena  find  their  exact  analogies  in  the  case  of  light.  The 
different  sources  of  heat  correspond  to  flames  of  diflferent  colours,  and  the 
s<^ns  of  various  materials  to  glasses  of  diflferent  colours.  A  red  flame 
looked  at  through  a  red  glass  appears  quite  bright,  but  through  a  green  glass 
't  appears  dim  or  is  scarcely  visible.  So  in  like  manner  heat  which  has 
^^vcrscd  a  red  glass  passes  through  another  red  glass  with  little  diminu- 
tion, but  it  is  almost  completely  stopped  by  a  green  glass.  Rock  salt  at  1 50"* 
^^its  only  one  kind  of  heat ;  it  is  monothermal,  just  as  sodium  vapour  is 
"monochromatic. 

Different  luminous  rays  being  distinguished  by  their  colours^  to  these 
different  obscure  calorific  rays  Melloni  gives  the  name  oiihermocrose  or  heat 
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coloration.  The  invisible  portion  of  the  spectrum  is  accordingly  mapped 
out  into  a  series  of  spaces,  each  possessing  its  own  peculiar  feature  corre- 
sponding to  the  coloured  spaces  which  are  seen  in  that  portion  of  the  spec- 
trum visible  to  our  eyes. 

Besides  thickness  and  colour,  the  polish  of  a  substance  influences  the 
transmission.  Glass  plates  of  the  same  size  and  thickness  transmit  more 
heat  as  their  surface  is  more  polished.  Bodies  which  transmit  heat  of  any 
kind  very  readily  are  not  heated.  Thus  a  window  pane  is  not  much  heated 
-  by  the  strongest  sun's  heat  ;  but  a  glass  screen  held  before  a  common  fire 
stops  most  of  the  heat,  and  is  itself  heated  thereby.  The  reason  of  this  is 
that  by  far  the  greater  part  of  the  heat  from  a  fire  is  obscure,  and  to  this  kind 
of  heat  glass  is  opaque. 

437.  Biflasion  of  beat. — When  a  ray  of  light  falls  upon  an  unpolished 
surface  in  a  definite  direction,  it  is  decomposed  into  a  variety  of  rays  which 
are  reflected  from  the  surface  in  all  directions.  This  irregular  reflection  is 
called  diffusion^  and  it  is  in  virtue  of  it  that  bodies  are  visible  when  light 
falls  upon  them.  A  further  peculiarity  is,  that  all  solar  rays  are  not  equally 
diffused  from  the  surface  of  bodies.  Certain  bodies  diffuse  certain  rays  and 
absorb  others,  and  accordingly  appear  coloured.  The  red  colour  of  a  gera- 
nium is  caused  by  its  absorbing  all  the  rays,  excepting  the  red,  which  are 
irregularly  reflected.  Just  as  is  the  case  with  transmitted  light  in  transparent 
bodies,  so  with  diffused  light  in  opaque  ones  ;  for  if  a  red  body  is  illuminated 
by  red  lij^ht  it  appears  of  a  bright  red  colour,  but  if  green  light  fall  upon  it 
it  is  almost  black.  We  shall  now  see  that  here  again  analogous  phenomena 
prevail  with  heat. 

Various  substances  diffuse  different  thermal  rays  to  a  different  extent ; 
each  possesses  a  peculiar  thermocrose.  Melloni  placed  a  number  of  strips 
of  brass  foil  between  the  source  of  heat  and  the  thermo-pile.  They  w^ere 
coated  on  the  side  opposite  to  the  pile  with  lamp-black,  and  on  the  other 
side  with  the  substances  to  be  investigated.  Representing  the  quantity  of 
heat  absorbed  by  the  lampblack  by  100,  the  absorption  of  the  other  bodies 


was  as  follows  :  — 


Incandescent 

platinum 

Lampblack  . 

.       100 

White  lead  . 

•            .         56 

Isinglass 

54 

Indian  ink   . 

95 

Shellac 

47 

Polished  metal     . 

.        13-5 

Copper 
at  400® 

100 

89 
64 

87 
70 

13 


Copper 
at  100^ 

100 
100 

85 
72 

13 


Hence  white  lead  absorbs  lar  less  of  the  heat  radiated  from  incandescent 
platinum  than  lampblack,  but  it  absorbs  the  obscure  rays  from  copper  at 
100°  as  completely  as  lampblack.  Indian  ink  is  the  reverse  of  this  ;  it 
absorbs  obscure  rays  less  completely  than  luminous  rays.  Lampblack 
absorbs  the  heat  from  all  sources  in  equal  quantities,  and  very  nearly  com- 
pletely. In  consequence  of  this  property  all  thermoscopes  which  are  used 
for  investigating  radiant  heat  are  covered  with  lampblack,  as  it  is  the  best- 
known  absorbent  of  heat.     The  behaviour  of  metals  is  the  reverse  of  that  of 


Fig.  366. 
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lampblack.    They  reflect  the  heat  of  different  sources  in  the  same  degree. 
They  arc  to  heat  what  white  bodies  are  to  light. 

As  coloured  light  is  altered  by  diffusion  from  several  bodies,  so  Knoblauch 
has  shown  that  the  different  kinds  of  heat  are  altered  by  reflection  from  dif- 
ferent surfaces.  The  heat  of  an  Argand  lamp  diffused  from  white  paper 
passes  more  easily  through  calcspar  than  when  it  has  been  diffused  from 
black  paper. 

The  rays  of  heat,  like  the  rays  of  light,  are  susceptible  of  polarisation 
and  double  refraction.     These  properties  will  be  better  understood  after^ 
treating  of  light. 

438.  SetetlOB  of  rases  and  Tapoiirs  to  radiant  beat. — This  subject 
has  been  investigated  by  Tyndall ;  the  apparatus  he  used  is  represented  in 
the  adjacent  figure,  the  arrangement  being  looked  upon  from  above. 

A  (fig.  366)  is  a  cylinder  about  4  feet  in  length  and  2^  inches  in  diameter, 
placed  horizontally,  the  ends  of  which  can  be  closed  with  rock-salt  plates  : 
by  means  of  a 
lateral  tube  at  r 
it  can  be  con- 
nected with  an 
air-pump  and  ex- 
hausted ;  while 
at  /  is  another 
tube  which 
serves    for    the 

introduction  of  gases  and  vapours.     T  is  a  sensitive  thermo-pile  connected 
with  an  extremely  delicate  galvanometer,  M. 

The  deflections  of  this  galvanometer  were  proportional  to  the  degrees  of 
heat  up  to  about  30** ;  beyond  this  point  the  proportionality  no  longer  held 
good,  and  .iccordingly,  for  the  higher  degrees,  a  table  was  empirically  con- 
stniaed,  in  which  the  value  of  the  higher  deflections  was  expressed  in  units  ; 
the  unit  being  the  amount  of  heat  necessary  to  move  the  needle  through  one 
of  the  lower  degrees. 

C  was  a  source  of  heat,  which  usually  was  either  a  Leslie's  cube  filled  with 
boiling  water,  or  else  a  sheet  of  blackened  copper  heated  by  gas.  Now, 
when  the  source  of  heat  was  permitted  to  radiate  through  the  exhausted 
tube,  the  needle  made  a  great  deflection  ;  and  in  this  position  a  very  con- 
siderable degree  of  absorption  would  have  been  needed  to  produce  an 
alteration  of  i®  of  the  galvanometer.  And  if  to  lessen  this  deflection  a  lower 
source  of  heat  had  been  used,  the  fraction  absorbed  would  be  correspondingly 
less,  and  might  well  have  been  insensible.  Hence  Tyndall  adopted  the  fol- 
lowing device,  by  which  he  was  enabled  to  use  a  powerful  flux  of  heat,  and 
at  the  same  time  to  discover  small  variations  in  the  quantity  falling  on  the 
pile. 

The  source  of  heat  at  C  was  allowed  to  radiate  through  the  tube  at  the 
end  of  which  the  pile  was  placed  ;  a  deflection  was  produced  of,  say,  70*^ ; 
a  second  source  of  heat,  D,  was  then  placed  near  the  other  face  of  the  pile, 
the  amount  of  heat  falling  on  the  pile  from  this  cotupensatirif^  cube  being 
regulated  by  means  of  a  movable  screen  S.  When  both  faces  of  the  pile 
arc  wanned,  two  currents  are  produced,  which  are  in  opposite  directions. 
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and  tend,  therefore,  to  neutralise  each  other :  when  the  heat  on  both  faces 
is  precisely  equal,  the  neutralisation  is  perfect,  and  no  current  at  all  is  pro- 
duced, however  high  may  be  the  temperature  on  both  sides.  In  the  arrange- 
ment just  described,  by  means  of  the  screen  S,  the  radiation  from  the  com- 
pensating cube  was  caused  to  neutralise  exactly  the  radiation  from  the  source 
C  ;  the  needle  consequently  was  brought  down  from  70®  to  zero,  and  re- 
mained there  so  long  as  both  sources  were  equal.  If  now  a  gas  or  vapour 
be  admitted  into  the  exhausted  tube,  any  power  of  absorption  it  may  possess 
will  be  indicated  by  the  destruction  of  this  equilibrium,  and  preponderance 
of  the  radiation  from  the  compensating  cube,  by  an  amount  corresponding 
to  the  heat  cut  off  by  the  gas.  Examined  in  this  way,  air,  hydrogen,  and 
nitrogen,  when  dried  by  passing  through  sulphuric  acid,  were  found  to  exert 
an  almost  inappreciable  effect ;  their  presence  as  regards  radiant  heat  being 
but  little  different  to  a  vacuum.  But  with  olefiant  and  other  complex  gases 
the  case  was  entirely  different.  Representing  by  the  number  i  the  quantity 
of  radiant  heat  absorbed  by  air,  olefiant  gas  absorbs  970  times,  and  am- 
moniacal  gas  1,195  times,  this  amount.  In  the  following  table  is  given  the 
absorption  of  obscure  heat  by  various  gases,  referred  to  air  as  unity  '.'• — 


Name  of  gas 

Air    . 

Absorption  under 
JO  inches  of  pressure         Name  of  gas 

I             Carbonic  acid  . 

Abitorption  under 
30  inches  of  pressure 

90 

Oxygen     . 

I 

Nitrous  oxide  . 

•      335 

Nitrogen  . 
Hydrogen 
Chlorine   . 

I 
I 

39 

Marsh  gas 
Sulphurous  acid 
Olefiant    . 

.      403 
.      710 
.      970 

Hydrochloric 

acid     . 

62 

Ammonia  • 

.     1 195 

If,  instead  of  comparing  the  gases  at  a  common  pressure  of  one  atmo- 
sphere, they  are  compared  at  a  common  pressure  of  an  inch,  their  differences 
in  absorption  are  still  more  strikingly  seen.  Thus,  assuming  the  absorption 
by  I  inch  of  dry  air  to  be  i,  the  absorption  by  i  inch  of  olefiant  gas  is  7,950, 
and  by  the  same  amount  of  sulphurous  acid  8,800. 

439.  Znlluenoe  of  presBore  and  ttiiokneBB  on  tlie  absorption  of  beat 
by  irases. — The  absorption  of  hea  by  gases  varies  with  the  pressure  ;  this 
variation  is  best  seen  in  the  case  ci  those  gases  which  have  considerable 
absorptive  power.  Taking  the  totil  absorption  by  atmospheric  air  under 
ordinary  pressure  at  unity,  the  numbers  of  olefiant  gas  under  a  pressure  of  i, 
3,  5.  7,  and  10  inches  of  mercur>'  ate  respectively  90,  142,  168,  182,  and  193, 
Thus  one-thirtieth  of  an  atmosphere  of  olefiant  gas  exerts  90  times  the 
absorption  of  an  entire  atmosphere  ol  air.  And  the  absorption,  it  is  seen, 
increases  with  the  density,  though  not  in  a  direct  ratio.  Tyndall  showed, 
however,  by  special  experiments,  that  for  very  low  pressures  the  absorption 
does  increase  with  the  density.  Employing  as  a  unit  volume  of  the  gas  a 
quantity  which  measured  only  ^  of  a  cubic  inch,  and  admitting  succes- 
sive measures  of  olefiant  gas  into  the  experimental  tube,  it  was  found  that 
up  to  15  measures  the  absorption  was  directly  proportionate  to  the  density 
in  each  case. 

In  these  experiments  the  length  of  the  experimental  tube  remained  the 
same  whilst  the  pressure  of  the  gas  within  it  was  caused  to  vary  ;  in  subse- 
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quent  experiments  the  pressure  of  the  gas  was  kept  constant,  whilst  the 
length  of  the  tube  was,  by  suitable  means,  varied  from  0*01  of  an  inch  up  to 
50  inches.  The  source  was  a  heated  plate  of  copper ;  of  the  total  radiation 
from  this  nearly  2  per  cent,  was  absorbed  by  a  film  of  olefiant  gas  *oi  of  an 
inch  thick,  upwards  of  9  per  cent,  by  a  layer  of  the  same  gas  o'l  of  an  inch 
thick,  '^'^  per  cent,  by  a  layer  2  inches  thick,  68  per  cent,  by  a  column  20 
inches  long,  and  77  per  cent,  by  a  column  rather  more  than  4  feet  long. 

44a  AbsotvttTe  power  of  Tapours. — The  absorptive  power  of  olefiant 
gas  is  exceeded  by  that  of  several  vapours.  The  mode  of  experimenting 
was  analogous  to  that  with  the  gases.  The  liquid  from  which  the  vapours 
were  to  be  produced  was  inclosed  in  a  small  flask,  which  could  be  attached 
with  a  stopcock  to  the  exhausted  experimental  tube.  The  absorption  was 
then  determined  after  admitting  the  vapours  into  the  tube  in  quantities 
measured  by  the  pressure  of  the  barometer  gauge  attached  to  the  air-pump. 

The  following  table  shows  the  absorption  of  vapours  under  pressures 
varying  from  o'l  to  i*o  inch  of  mercury  : — 

Absorption  under  pressure 
Name  of  vapmirs  in  mches  of  mercury 

o'l  o'5  I'o 

Bisulphide  of  carbon          ....15  47  62 

Benzole- 66  182  267 

Chloroform 85  182  236 

Ether 300  710  870 

Alcohol 325  622 

Acetic  ether 590  980  1195 

These  numbers  refer  to  the  absorption  of  a  whole  atmosphere  of  dry  air 
as  their  unit,  and  it  is  thus  seen  that  a  quantity  of  bisulphide  of  carbon 
vapour,  the  feeblest  absorbent  yet  examined,  which  only  exerts  a  pressure  of 
j\;  of  an  inch  of  mercury,  or  the  -^  of  an  atmosphere,  gave  1 5  times  the 
absorption  of  an  entire  atmosphere  of  air  ;  and  ^^  of  an  inch  of  acetic 
ether  $90  times  as  much.  Comparing  air  at  a  pressure  of  0*1  with  acetic 
ether  of  the  same  pressure,  the  absorption  of  the  latter  would  be  more  than 
17,500  times  as  great  as  that  of  the  former. 

Tyndall  found  that  the  odours  from  the  essential  oils  exercised  a  marked 
influence  on  radiant  heat.  Perfectly  dry  air  was  allowed  to  pass  through  a 
tube  containing  dried  paper  impregnated  with  various  essential  oils,  and 
then  admitted  into  the  experimental  tube.  Taking  the  absorption  of  dry  air 
as  unity,  the  following  were  the  numbers  respectively  obtained  for  air  scented 
with  various  oils  : — Patchouli  31,  otto  of  roses  yj^  lavender  60,  thyme  68, 
rosemary  74,  cassia  109,  aniseed  372.  Thus  the  perfume  of  a  flower-bed 
absorbs  a  large  percentage  of  the  heat  of  low  refrangibility  emitted  from  it. 

Ozone  prepared  by  electrolysing  water  was  also  found  to  have  a  remark- 
able absorptive  effect.  The  small  quantity  of  ozone  present  in  electrolytic 
oxygen  was  found  in  one  experiment  to  exercise  136  times  the  absorption  of 
the  entire  mass  of  the  oxygen  itself. 

But  the  most  important  results  which  Tyndall  has  obtained  are  those 
which  follow  from  his  experiments  on  the  behaviour  of  aqueous  vapour  to 
radiant  heat.  The  experimental  tube  was  filled  with  air,  dried  as  perfectly 
as  possible,  and  the  absorption  it  exercised  was  found  to  be  one  unit.  Ex- 
hausting the  tube,  and  admitting  the  ordinary  undried,  but  not  specially 
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moist,  air  from  the  Iaborator>%  the  absorption  now  rose  to  72  units.  The 
difference  between  dried  and  undried  air  can  only  be  ascribed  to  the  aqueous 
vapour  the  latter  contains.  Thus  on  a  day  of  average  humidity  the  absorp- 
tive effect  due  to  the  transparent  aqueous  vapour  present  in  the  atmosphere 
is  72  times  as  great  as  that  of  the  air  itself,  though  in  quantity  the  latter  is 
about  200  times  greater  than  the  former.  Analogous  results  were  obtained 
on  different  days,  and  with  specimens  of  air  taken  from  various  localities. 
When  air  which  had  been  specially  purified  and  dried  was  allowed  to  pass 
through  a  tube  filled  with  fragments  of  moistened  glass  and  examined,  it 
was  found  to  exert  an  absorption  90  times  that  of  pure  air. 

In  some  other  experiments  Tyndall  suppressed  the  use  of  rock-salt  plates 
in  bis  experimental  tube,  and  even  the  tube  itself,  and  yet  in  every  case  the 
results  were  such  as  to  show  the  great  power  which  aqueous  vapour  possesses 
as  an  absorbent  of  radiant  heat. 

The  absorptive  action  which  the  aqueous  vapour  in  the  atmosphere  exerts 
on  the  sun's  heat  has  been  established  by  a  series  of  actinometrical  obser\'a- 
tions  made  by  Sorel  at  Geneva  and  on  the  summit  of  Mont  Blanc  ;  he  finds 
that  the  intensity  of  the  solar  heat  on  the  top  of  Mont  Blanc  is  -J  of  that 
at  Geneva  :  in  other  words,  that  of  the  heat  which  is  radiated  at  the  height 
of  Mont  Blanc,  about  \  is  absorbed  in  passing  through  a  vertical  layer  of 
the  atmospliere  14,436  feet  in  thickness.  The  same  observer  has  found  that 
with  virtually  equal  solar  heights  there  is  the  smallest  transmission  of  heat 
on  those  days  on  which  the  tension  of  aqueous  vapour  is  greatest ;  that  is, 
when  there  is  most  moisture  in  the  .itmospherc. 

441.  RadiatinsT  power  ofiraBeB. — Tyndall  also  examined  the  radiatirii^ 
power  of  gases.  A  red-hot  copper  ball  was  placed  so  that  the  current  of 
heated  air  which  rose  from  it  acted  on  one  face  of  a  thermo-pile  ;  this  action 
was  compensated  by  a  cube  of  hot  water  placed  in  front  of  the  opposite  face. 
On  then  allowing  a  current  of  dr>'  olefiant  gas  from  a  gasholder  to  stream 
through  a  ring  burner  over  the  heated  ball  and  thus  supplant  the  ascending 
current  of  hi)t  air,  it  was  found  that  the  gas  radiated  energetically.  By  com- 
paring in  this  manner  the  action  of  many  gases  it  was  discovered  that,  as  is 
the  case  with  solids,  those  gases  which  are  the  best  absorbers  are  also  those 
which  radiate  most  freelv. 

442.  Dynamic  radiation  and  absorption. — A  gas  when  permitted  to 
enter  an  exhausted  tube  is  heated  in  consequence  of  the  collision  of  its  par- 
ticles against  the  sides  of  the  vessel  ;  it  thus  becomes  a  source  of  heat,  which 
is  perfectly  capable  of  being  measured.  Tyndall  calls  this  dynamic  heating. 
In  like  manner,  when  a  tube  full  of  gas  or  vapour  is  rapidly  exhausted,  a 
chilling  lakes  place  owing  to  the  loss  of  heat  in  the  production  of  motion  : 
this  he  rails  dyttamic  chilling  or  absorption. 

He  could  thus  determine  the  radiation  or  absorption  of  a  gas  without 
any  source  of  heat  external  to  the  gas  itself.  An  experimental  tube  was 
taken,  one  end  of  which  was  closed  with  a  polished  metal  plate,  and  the 
other  with  a  plate  of  rock  salt  ;  in  front  of  the  latter  was  the  face  of  the  pile. 
The  needle  being  at  zero,  and  the  tube  exhausted,  a  gas  was  allowed  quickly 
to  enter  until  the  tube  was  full,  the  effect  on  the  galvanometer  being  noted. 
This  being  only  a  transiior>'  effect,  the  needle  soon  returned  to  zero  ;  the 
tube  was  then  rapidly  pumped  out,  by  which  a  sudden  chilling  was  produced 
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and  the  needle  exhibited  a  deflection  in  the  opposite  direction.  Comparing 
in  this  way  the  dynamic  heating  and  chilling  of  various  gases,  those  gases 
which  are  the  best  absorbers  were  also  found  to  be  the  best  radiators. 

Polished  metallic  surfaces  are,  as  we  have  seen  (427),  bad  radiators, 
but  radiate  freely  when  covered  with  varnish.     Tyndall  made  the  curious 
experiment  of  varnishing  a  metallic  surface  by  a  film  of  gas.    A  Leslie's 
cube  was  placed  with  its  polished  metal  side  in  front  of  the  pile,  and  its  eflect 
neutralised  by  a  second  cube  placed  before  the  other  face  of  the  pile.    On 
allowing  a  stream  of  olefiant  or  coal  gas  to  flow  from  a  gasholder  over  the 
metallic  face  of  the  first  cube,  a  copious  radiation  from  that  side  was  pro- 
duced as  long  as  the  flow  of  gas  continued.    Acting  on  the  principle  indi- 
cated in  the  foregoing  experiment,  Tyndall  determined  the  dynamic  radiation 
and  absorption  of  vapours.    The  experimental  tube  containing  a  vapour 
under  a  small  known  pressure,  air  was  allowed  to  enter  until  the  pressure 
inside  the  tube  was  the  same  as  that  of  the  atmosphere.     In  this  way  the 
altering  air,  by  its  impact  against  the  tube,  became  heated  ;  and  its  particles 
mixing  with  those  of  the  minute  quantity  of  vapour  present,  each  of  them 
became,  so  to  speak,  coated  with  a  layer  of  the  vapour.    The  entering  air 
was  in  this  case  a  source  of  heat,  just  as  in  the  above  experiments  the  Leslie'^ 
cube  was.     Here,  however,  one  gas  varnished  another ;  the  radiation  and 
subsequently  the  absorption  of  various  vapours  could  thus  be  determined. 

It  was  found  that  vapours  differed   very  materially  in   their  power  of 
radiating  under  these  circumstances  :  of  those  which  were  tried  bisulphide 
of  carbon  vapour  was  the  worst  and  boracic  ether  the  best  radiator.    And  in 
all  cases  those  which  were  the  best  absorbents  were  also  the  best  radiators. 
443.  Selatioa  of  absorption  to  molecular  state. — After  examining  the 
absorption  of  heat  by  vapours,  Tyndall  tried  the  same  substances  in  a  liquid 
form.    The  conditions  of  the  experiments  were  in  both  cases  the  same ; 
ibc  source  of  heat  was  a  spiral  of  platinum  heated  to  redness  by  an  electric 
current  of  known  strength ;  and  plates  of  rock  salt  were  invariably  employed 
to  contain  both  vapours  and  liquids.    Finally,  the  absorption  by  the  vapours 
^'as  re-measured  ;  in  this  case  introducing  into  the  experimental  tube,  not, 
as  before,  equal   quantities  of  vapour,  but  amounts  proportional  to  the 
density  of  the  liquid.     When  this  last  condition  had  been  attained,  it  was 
found  that  the  order  of  absorption  by  a  series  of  liquids,  and  by  the  same 
s^cs  when  turned  into  vapour,  was  precisely  the  same.     Thus  the  sub- 
stances tried  stood  in  the  following  order  as  liquid  and  as  vapour,  beginning 
**'th  the  feeblest  absorbent,  and  ending  with  the  most  powerful : — 

Liquids  Vapours 

Bisulphide  of  carbon Bisulphide  of  carbon. 

Chloroform Chloroform. 

Iodide  of  ethyl Iodide  of  ethyl. 

Benzole Benzole. 

Ether Ether. 

Alcohol Alcohol. 

Water. 

A  direct  determination  of  aqueous  vapour  could  not  be  made,  on  account 
«f  its  low  tension,  and  the  hygroscopic  nature  of  the  rock  salt.  But  the  unde- 
viating  regularity  of  the  absorption  by  all  the  other  substances  in  the  list. 
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both  as  liquid  and  vapour,  establishes  the  fact,  which  is  corroborated  by 
the  experiments  already  mentioned,  that  aqueous  vapour  is  one  of  the  most 
energetic  absorbents  of  heat. 

In  this  table  it  will  be  noticed  that  those  substances  which  have  the 
simplest  chemical  constitution  stand  first  in  the  list,  with  one  anomalous 
exception,  namely  that  of  water.  In  the  absorption  of  heat  by  gases,  Tyndall 
found  that  the  elementary  gases  were  the  feeblest  absorbents,  while  the 
gases  of  most  complex  constitution  were  the  most  powerful  absorbents.  Thus 
it  may  be  inferred  that  absorption  is  mainly  dependent  on  chemical  consti- 
tution ;  that  is  to  say,  that  absorption  and  radiation  are  molecular  acts 
independent  of  the  physical  condition  of  the  body. 

But  this  conclusion  seemed  to  be  contradicted  by  the  experiments  of 
Masson  and  Courtep^e  on  powders.  Tyndall  repeated  these  experiments^ 
avoiding  certain  sources  of  error  into  which  they  had  fallen,  and  discovered 
that  the  radiation  of  powders  is  similar  to  that  of  the  solids  from  which 
they  were  derived,  and  therefore  differs  greatly  inter  se.  The  absorbent 
power  of  powders  was  also  found  to  correspond  with  their  radiative  power- 
as  we  have  shown  to  be  the  case  with  solids  and  gases,  and,  though  as  yet 
we  have  no  experiments  on  the  subject,  is  doubtless  also  true  for  liquids. 
The  powders  were  attached  to  the  tin  surfaces  of  a  Leslie's  cube,  in  such  a 
manner  that  radiation  took  place  from  the  surface  of  the  powder  alone.  The 
following  table  gives  the  radiation  in  units  from  some  of  the  powders  ex- 
amined by  Tyndall ;  the  metal  surface  of  the  cube  giving  a  deflection  of  15 
units  : — 

Radiation  from  powders. 


Rock  salt  .         .         .         . 

•     3S-3 

Sulphate  of  calcium 

.     777 

Biniodide  of  mercury 

•     397 

Red  oxide  of  iron    . 

.     78-4 

Sulphur     .         .         .         . 

40*6 

Hydrated  oxide  of  zinc    . 

.    804 

Carbonate  of  calcium 

.     70*2 

Sulphide  of  iron 

.    817 

Red  oxide  of  lead 

.     74-0 

Lampblack 

.    840 

These  substances  are  of  various  colours.  Some  are  white,  such  as  rock 
salt,  carbonate  and  sulphate  of  calcium,  and  hydrated  oxide  of  zinc  ;  some 
are  red,  such  as  biniodide  of  mercury  and  oxide  of  lead  ;  whilst  others  arc 
black,  as  sulphide  of  iron  and  lampblack :  we  have  besides  other  colours. 
The  colours,  therefore,  have  no  influence  on  the  radiating  power  :  rock  salt, 
for  example,  is  the  feeblest  radiator,  and  hydrated  oxide  of  zinc  one  of  the 
most  powerful  radiators. 

Nearly  a  century  ago  Franklin  made  experiments  on  coloured  pieces  of 
cloth,  and  found  their  absorption,  indicated  by  their  sinking  into  snow  on 
which  they  were  placed,  to  increase  with  the  darkness  of  the  colour.  But 
all  the  cloths  were  equally  powerful  absorbents  of  obscure  heat,  and  the 
effects  noticed  were  only  produced  by  their  relative  absorptions  of  light.  In 
fact,  the  conclusions  to  be  drawn  from  Franklin's  experiment  only  hold  good 
for  luminous  heat,  especially  sunlight,  such  as  he  employed. 

444.  Applications. — The  properties  which  bodies  possess  of  absorbing, 
emitting,  and  reflecting  heat  meet  with  numerous  applications  in  domestic 
economy  and  in  the  arts.  Leslie  stated  in  a  general  manner  that  white 
bodies  reflect  heat  very  well,  and  absorb  very  little,  and  that  the  contrary  is 
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the  case  with  black  substances.  As  we  have  seen,  this  principle  is  not 
generally  true,  as  Leslie  supposed  ;  for  example,  white  lead  has  as  great  an 
absorbing  power  for  non-luminous  rays  as  lampblack  (437).  Leslie's  princrple 
applies  to  powerful  absorbents  like  cloth,  cotton,  wool,  and  other  organic 
substances  when  exposed  to  luminous  heat.  Accordingly,  the  most  suitable 
coloured  clothing  for  summer  is  just  that  which  experience  has  taught  us  to 
use,  namely,  white,  for  it  absorbs  less  of  the  sun's  rays  than  black  clothing, 
uid  hence  feels  cooler. 

The  polished  fire-irons  before  a  fire  are  cold,  whilst  the  black  fender  is 
often  unbearably  hot.  If,  on  the  contrary,  a  liquid  is  to  be  kept  hot  as  long 
2s  possible,  it  must  be  placed  in  a  brightly  polished  metallic  vessel,  for 
then,  the  emissive  power  being  less,  the  cooling  is  slower.  Hence  it  is 
advantageous  that  the  steam  pipes,  &c.,  of  locomotives  should  be  kept 
bright.  In  the  Alps,  the  mountaineers  accelerate  the  fusion  of  the  snow  by 
covering  it  with  earth,  which  increases  the  absorbing  power. 

In  our  dwellings,  the  outsides  of  stoves  and  of  hot-water  apparatus 
ought  to  be  black,  and  the  insides  of  fireplaces  ought  to  be  lined  with  fire- 
brick, in  order  to  increase  the  radiating  power  towards  the  apartment. 

It  is  in  consequence  of  the  great  diathermaneity  of  dry  atmospheric  air 
that  the  higher  regions  of  the  atmosphere  are  so  cold,  notwithstanding  the 
great  heat  which  traverses  them  ;  whilst  the  intense  heat  of  the  sun's  direct 
rays  on  high  mountains  is  probably  due  to  the  comparative  absence  of  aque- 
ous vapour  at  these  elevations. 

As  nearly  all  the  luminous  rays  of  the  sun  pass  through  water,  and  the 
son's  radiation  as  we  receive  it  on  the  surface  of  the  earth  consisting  of  a 
large  proportion  of  luminous  rays,  accidents  have  often  arisen  from  the 
convergence  of  these  luminous  rays  by  bottles  of  water  which  act  as  lenses. 
In  this  way  gunpowder  could  be  fired  by  the  heat  of  the  sun's  rays  con- 
centrated by  a  water  lens ;  and  the  drops  of  water  on  leaves  in  greenhouses 
luive,  it  is  said,  been  found  to  act  as  lenses,  and  bum  the  leaves  on  which 
they  rest 

Certain  bodies  can  be  used  (436)  to  separate  the  heat  and  light  radiated 
from  the  same  source.  Rock  salt  covered  with  lampblack,  or  still  better 
with  iodine,  transmits  heat,  but  completely  stops  light.  On  the  other  hand 
alum,  either  as  a  plate  or  in  solution,  or  a  thin  layer  of  water,  is  permeable 
to  light,  but  stops  all  the  heat  from  obscure  sources.  This  property  is  made 
ose  of  in  apparatus  which  are  illuminated  by  the  sun's  rays,  in  order  to  sift 
the  rays  of  their  heating  power  ;  and  a  vessel  full  of  water,  or  a  solution  of 
alum,  is  used  with  the  electric  light  when  it  is  desirable  to  avoid  too  intense 
a  heat 

In  gardens,  the  use  of  shades  to  protect  plants  depends  partly  on  the 
<Iiathcrmancy  of  glass  for  heat  from  luminous  rays  and  its  athermancy  for 
obscure  rays.  The  heat  which  radiates  from  the  sun  is  largely  of  the  former 
quality,  but  by  contact  with  the  eanh  it  is  changed  into  obscure  heat,  which, 
as  such,  cannot  retraverse  the  glass.  This  explains  the  manner  in  which 
greenhouses  accumulate  their  warmth,  and  also  the  great  heat  experienced 
in  summer  in  rooms  having  glass  roofs,  for  the  glass  in  both  cases  acts,  as 
tt  were,  as  a  valve  which  effectually  entraps  the  solar  rays.  On  the  same 
principle  plates  of  glass  are  frequently  used  as  screens  to  protect  u#  from  the 

s 
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heat  of  a  fire  ;  the  glass  allows  us  to  see  the  cheerful  light  of  the  fire,  but 
intercepts  the  larger  part  of  the  heat  radiated  from  the  fire.  Though  the 
screens  thus  become  warm  by  the  heat 
they  have  absorbed,  )'et,  as  they  radiate 
this  heat  in  alt  directions  towards  the  lire 
as  well  as  towards  us,  we  finally  receive 
less  heal  when  they  are  interposed. 

44$.  AttrsotiMi  Mid  r«pBlal*B  nrts> 
Inr  frmn  radlRtlon. — Crookes  has  dis- 
covered a  highly  remarkable  class  of 
phenomena  which  are  due  to  the  radiant 
action  of  heated  and  of  luminous  bodies. 
These  phenomena  are  most  conveniently 
illustrated  by  means  of  an  instrument 
which  he  has  devised  and  which  is  called 
the  radiomeUr,  the  construction  of  which 
is  as  follows  :— A  glass  tube  (fig.  367), 
with  a  bulb  blown  on  it,  is  fiised  at  the 
bouom  to  a  glass  tube  which  at  one  end 
serves  to  rest  the  whole  apparatus  in  a 
wooden  support.  In  the  other  end  is 
fused  a  fine  steel  point.  On  this  rests  a 
small  vane  or  fly  consisting  of  four  arms 
of  aluminium  wire  fixed  at  one  end  to  a 
small  cap,  while  at  the  others  are  fixed 
small  discs  or  lozenges  of  thin  mica, 
coated  on  one  side  with  lampblack.  The 
weight  of  the  fly  is  not  more  than  two 

In  order  to  keep  the  fly  on  the  pivot 
a  tube  is  fused  in  the  upper  part  of  the 
bulb  which  reaches  down  to  and  just  sur- 
rounds the  top  of  the  cap,  without,  how- 
r,  touching  il  ;  the  other  end  of  this 
tube  is  drawn  out  and  connected  with  an 
arranjiemem  for  eshausting  the  air  by  the 
F1-.  ]6j,  .Sprengel    pump    (205)    or    by   chemical 

means  ;  «hen  the  desired  degree  of  ex- 
haustion has  been  attained  this  can  be  scaled.  By  keeping  the  apparatus 
during  exhaustion  in  a  hot  air  bath  at  a  temperature  of  300°,  the  gases 
secluded  on  the  inner  surface  of  the  glass,  and  by  the  vanes,  are  got  rid  of. 

If  a  source  of  light  or  of  heat,  a  candle  for  instance,  is  brought  near  the 
fly,  it  is  attracted,  and  the  fly  rotates  slowly  in  a  direction  showing  that  the 
blackened  side  moves  towards  the  light  ;  this  moiement,  indicating  an 
,  depends   on    a   certain    slate   of  rarefaction.      If,   however,   the 


appj 


i  be  connected  with  an  arrangement  which  allows  the  pressure 
be  varied,  this  rotation  gradually  diminishes  in  rapidity,  as  the  air  within 
further  rareticd,  until  a  certain  point  is  reached  at  which  it  ceases. 
now  the  rarefaction  is  pushed  funher,  the  highly  remarkable  phenomenon 
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is  observed  that  repulsion  succeeds  to  attraction,  and  that  the  fly  now  rotates 
in  the  direction  of  the  blackened  sides  away  from  the  source  of  heat.  In 
a  double  radiometer,  in  which  two  flys  are  pivoted  independently  one  over 
the  other,  having  their  blackened  sides  opposite  each  other,  the  flys  rotate 
in  opposite  directions  on  the  approach  of  a  lighted  candle.  When  a  cold 
body,  such  as  a  piece  of  ice,  is  brought  near,  instead  of  a  hot  one,  exactly  the 
opposite  effects  are  observed  ;  when  the  vessel  contains  air  the  pith  ball  is 
repelled,  the  neutral  point  is  observed,  and  at  high  degrees  of  rarefaction 
attraction  ensues. 

One  of  the  most  important  facts  brought  to  light  by  these  experiments 
is,  that  what  has  hitherto  been  looked  upon  as  a  complete  vacuum  is  not  so 
in  reality ;  the  most  perfect  vacuum  obtainable  still  contains  a  certain  re- 
sidue of  gas,  as  has  been  proved  by  the  experiments  of  Crookes  and  others, 
among  whom  that  of  Kundt  may  be  mentioned.  The  latter  placed  on  the 
vanes  a  light  disc  of  mica,  and  at  a  little  distance  above  it  a  similar  disc 
was  arranged  so  as  to  rotate  freely,  in  a  horizontal  plane  independently  of 
the  first.  When  the  lower  vane  was  made,  to  rotate  by  bringing  a  light 
near,  it  was  found  that  the  upper  disc  was  also  put  in  rotation  in  the 
same  direction,  being  dragged  by  the  viscosity  of  the  residual  air.  Accord- 
ingly the  explanation  of  the  phenomena  of  the  radiometer  must  take  into 
account  the  existence  of  this  gaseous  residue. 

The  nature  of  the  gas  seems  to  have  no  special  influence  on  the  pheno- 
mena ;  whether  the  vacuum  be  one  of  hydrogen,  of  aqueous  vapour,  or  of 
iodine  vapour,  seems  immaterial ;  though  with  hydrogen  the  exhaustion  need 
not  be  pushed  so  far  as  with  air.  The  repulsion  takes  place  with  all  the  rays 
of  the  spectrum,  the  intensity  diminishing  from  the  ultra  red  to  the  ultra 
violet.  When  the  chemical  rays  act,  the  interposition  of  a  plate  of  alum  has 
no  effect,  while  a  solution  of  iodine  in  bisulphide  of  carbon  diminishes  the 
repulsion.  The  rate  at  which  the  vane  rotates  depends  on  the  intensity  of 
the  source  of  light.  With  a  strong  light  the  rotation  is  so  rapid  that  its  rate 
cannot  be  determined.  With  two  candles  at  the  same  distance  the  rotation 
is  twice  as  rapid  as  with  one.  Two  sources  of  light  which,  successively  placed 
at  the  same  distance,  produce  the  same  rate  of  rotation,  are  equal  in  inten- 
sity. If,  when  placed  at  different  distances,  they  produce  the  same  speed 
of  rotation,  their  intensities  are  directly  as  the  squares  of  these  distances  from 
the  radiometer.  On  this  is  based  the  use  of  the  instrument  as  a  photometer 
^509)  for  comparing  together  various  sources  of  artificial  light.  It  may  also 
be  used  for  making  comparative  measurements  of  the  intensity  of  sunlight, 
and  the  distribution  of  heat  in  the  solar  spectrum  may  be  investigated  by  its 
means. 

It  is  not  difficult  to  understand  that  the  attraction  observed  in  the  experi- 
ments, as  long  as  the  apparatus  still  contains  air,  may  be  explained  by  the 
action  of  convection  currents.  For  heat  falling  upon  this  blackened  disc 
would  raise  its  temperature,  and  the  temperature  of  a  layer  of  air  in  im- 
mediate contact  with  the  disc  would  be  raised  too  ;  it  would  expand  and 
rise,  flowing  over  into  the  space  behind  the  disc,  and  would  thus  increase 
the  pressure  there. 

On  the  other  hand  the  repulsion  observed  at  the  higher  degrees  of  ex- 
haustion, approaching  a  vacuum,  is  explained  by  reference  to  the  modern 
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views  as  to  the  constitution  of  gases,  of  which  it  is  at  once  an  illustration 
and  a  proof. 

The  general  nature  of  this  theory  is  that  a  gas  is  an  assemblage  of  in- 
dependent molecules,  which  are  perfectly  elastic,  and  which  move  with  great 
rapidity ;  their  impacts  against  the  sides  of  the  vessel  in  which  the  gas  is 
contained  are  the  cause  of  the  pressure.  The  impact  of  the  molecules 
against  each  other  is  the  mechanism  by  which  the  equal  transmission  of 
pressure  in  gases  is  effected  (294). 

Crookes  has  calculated  that  the  mechanical  effect  of  the  force  of  repulsion 
is  equal  to  about  the  ^  of  a  milligramme  on  a  square  centimetre,  and 
Stoney  has  shown  that  this  force  is  sufficient  to  account  for  the  effects 
observed  by  reference  to  admitted  principles  of  the  mechanical  theory  of 
gases.  ^ 

The  rays  of  heat  pass  through  the  thin  glass  without  raising  its  tempera- 
ture, and,  falling  on  the  blackened  side  of  the  vane,  are  absorbed  by  it ;  the 
consequence  of  this  is,  that  it  will  become  slightly  hotter.  The  layer  of  ex- 
tremely rarefied  air  in  immediate  contact  with  the  blackened  disc  will  also 
become  somewhat  hotter,  and  the  molecules  will  fly  from  the  disc  with 
greater  velocity.  Under  ordinary  pressures  or  even  at  moderate  degrees  of 
rarefaction  these  more  rapid  motions  would  be  equalised  by  their  impacts 
against  other  molecules,  and  a  uniformity  of  pressure — that  is,  of  temperature 
— would  be  established.  Hut  the  frequency  of  these  intramolecular  shocks 
diminishes  rapidly  with  the  increase  of  rarefaction  ;  and  the  consequence  is» 
that  a  great  number  of  molecules,  after  having  been  heated  by  contact  with 
the  blackened  side  of  the  palette,  will  strike  against  the  cold  glass.  The  effect 
of  this  will  be  to  cool  these  molecules — that  is,  to  diminish  their  velocity  ;  it 
will  be  chiefly  molecules  of  this  kind  which  fall  on  the  back  of  the  disc,  and 
on  the  regions  behind  it.  An  excess  of  force  equal  and  opposite  to  that  on 
the  glass  acts  against  the  front  of  the  disc,  and  is  sufficient  to  account  for 
the  phenomena  exhibited  by  Crookes. 

It  follows  from  this  explanation  that,  other  things  being  equal,  a  fly  will 
rotate  more  rapidly  in  a  small  than  in  a  large  bulb.  This  has  been  con- 
clusively proved  by  Crookes,  who  constructed  a  double-bulb  radiometer,  the 
two  bulbs  being  very  different  in  size,  and  so  connected  that,  by  dexterous 
manipulation,  the  fly  could  be  transferred  from  the  pivot  of  the  one  to  that 
of  the  other  bulb. 

446.  Zntemal  friction  or  Tisoosity  of  rases. — In  some  recent  experi- 
ments in  connection  with  the  radiometer,  Crookes  used  an  arrangement  con- 
sisting of  a  long  but  light  arm  of  straw  suspended  by  a  delicate  glass  fibre 
in  a  sort  of  T  tube  turned  upside  down  ;  in  this  way  even  a  greater  degree 
of  delicacy  was  obtained  than  with  the  radiometer.  Thus  he  was  able  to 
get  a  deflection  by  moonlight,  which  does  not  move  the  fly  of  the  radiometer. 
He  examined  the  internal  friction  or  viscosity  of  the  residual  gas  by  causing 
the  arm  to  oscillate,  and  then  observing  the  rate  at  which  the  oscillations 
diminish  under  various  pressures.  He  thus  found  that  from  ordinary  pres- 
sures down  to  ^  pressure  of  01 9"""-,  or  what  may  be  called  a  Torricellian 
vacuum,  the  viscosity  is  practically  constant,  only  diminishing  from  0*126  to 
01 12.  It  now  begins  to  fall  oft*,  and  at  a  pressure  of  o'oooo76""»*  it  has 
diminished  to  o*oi,   or  about   j^     Simultaneously  with  this  decrease  in 
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viscosity  the  force  of  repulsion  excited  by  a  standard  light  on  a  blackened 
surfiice  varies.  It  increases  as  the  pressure  diminishes  until  the  exhaus- 
tion is  about  ox>5""*,  and  attains  its  maximum  at  about  0'03""*\  It  then 
sinks  very  rapidly  until  it  is  at  o'oooo76"*™*,  when  it  is  less  than  ^  of  its 
maximum. 

The  viscosity  varies  in  different  gases ;  it  is  considerably  less  in  hydrogen 
than  in  air ;  and  hence  it  is  not  necessary  to  drive  the  exhaustion  so  far  to 
produce  a  considerable  degree  of  repulsion. 

The  researches  of  Crookes  have  opened  the  way  to  an  entirely  new  field 
of  experimental  inquiry  into  the  phenomena  which  occur  in  what  is  called  the 
ultra-gaseous  state  of  matter,  or  that  in  which  the  rarefaction  of  gases  is 
pushed  to  its  utmost  limits.  The  state  in  which  molecular^  as  distinguished 
from  molar,  actions  come  into  play,  has  been  aptly  termed  Crookes* s  vacuum. 
A  further  account  of  the  researches  requires  too  great  an  amount  of  detail 
for  the  purposes  of  this  work ;  and  it  must  also  be  added  that  the  explana- 
tions which  have  been  given  are  still  not  beyond  the  range  of  controversy. 

446a.  Belatton  of  Sadlant  Beat  to  Sound. — This  subject  has  of  late 
engaged  the  attention  of  several  physicists,  among  whom  may  be  particu- 
larised Bell  and  Tainter,  Tyndall,  Preece,  and  Mercadier.  A  convenient 
way  of  showing  the  phenomena  is  by  means  of  an  apparatus  constructed 
by  Duboscq,  the  essential  features  of  which  are  represented  in  fig.  369.  It 
is  an  arrangement  by  which  an  intermittent  beam  of  radiant  heat  may  be 
made  to  act  on  various  bodies,  and  consists  of  a  disc  D  mounted  on  a  hori- 
zontal axis,  and  which,  by  means  of  the  multiplying  wheels  P  and  p',  may 
be  rotated  at  any  desired  speed.  In  the  disc  is  a  series  of  holes  the  numbers 
of  which  are  in  some  multiple  of  the  ratio  4:5:6:8.  This  apparatus 
constitutes  in  fact  a  syren  {242),  and  is  very  convenient  for  lecture  purposes. 
If,  while  the  disc  is  rotating  with  uniform  speed,  a  currertt  of  air  be 
successively  directed  against  the  rows  of  holes  from  the  inside  to  the  outside, 
we  get  the  fundamental  note,  the  third,  the  fifth,  and  the  octave. 

On  the  stand  is  a  support  on  which  the  arrangement  O  may  be  fixed  in 
any  position  by  means  of  the  screw  s ;  it  consists  of  a  screen  and  wide  tube 
behind  which  is  the  source  of  radiant  heat,  not  represented  in  the  figure. 
To  this  support  may  be  fitted  a  double  convex  lens,  if  the  rays  are  to  be 
concentrated  on  one  line  of  holes,  or  a  cylindrical  lens  when  a  slice  of 
thermal  rays  is  to  be  used  ;  or  the  rays  may  be  concentrated  by  a  mirror,  to 
get  rid  of  the  effects  of  absorption  by  glass.  The  support  s  is  for  holding 
various  pieces  of  apparatus. 

T>'ndall  found  that  when  a  flask  like  that  represented  in  fig.  368,  containing 
a  snudl  quantity  of  ether,  was  placed  so  that  the  intermittent  beam  arising  from 
a  lime  light  could  fall  on  it,  and  the  top  was  connected  with  a  flexible  tube,  a 
distinct  musical  note  was  heard  when  the  ear-trumpet  was  held  to  the  ear. 
Other  liquids  being  tried  it  was  found  that  those  which  his  other  experiments 
had  revealed  as  the  best  absorbers^of  heat  (440)  gave  the  loudest  sounds.  The 
vapour  was  the  operative  cause,  for  when  the  beam  was  caused  to  strike 
against  the  liquid  instead  of  against  the  vapour  no  sound  was  heard  ;  this 
was  also  the  case  when  the  rays  fell  on  a  rock  salt  cell  filled  with  the  liquid. 
The  pitch  of  the  note  depended  on  the  velocity  of  rotation. 

Dry  air  gave  no  sound,  but  air  containing  moisture  did  so ;  and  the 
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more  moisture  was  present  the  louder  was  the  sound.  Other  gases  gave 
sounds  in  the  order  of  their  absorption  for  heat ;  and  indeed,  all  Tyndall's 
results  in  this  direction  are  most  strikingly  confirmed. 

The  investigations  of  the  other  experimenters,  Preece,  Bell  and  Tainter, 
and  Mercadier,  were  chiefly  directed  to  the  effects  produced  when  the 
intermittent  beam  is  allowed  to  fall  on  solid  bodies.  A  sort  of  an  acoustic 
trumpet  (fig.  370}  was  used  by  Mercadier,  consisting  of  a  movable  piece  «* 


Fig.  36^ 


fitting  over  ed  so  that  plates  L  of  varioils  materials  could  be  experi- 
mented upon.  The  other  end  /  is  fitted  with  a  flexible  tube  and  bell  so 
that  it  could  be  applied  lo  the  ear. 

When  the  intermittent  beam  is  allowed  to  act  on  this  plate  it  is  set  in 
vibration  and  a  sound  is  produced.  This  is  not  due  at  any  rate  mainly  to 
transverse  vibrations  of  the  plate,  for  neither  the  pitch  nor  quality  of  the  note 
was  altered  when  the  thickness  and  nature  of  the  plate  was  changed  (282), 
nor  was  it  altered  when  the  plate  was  slit.  The  best  effects  were  obt'ained 
when  the  diaphragm  was  of  thin  metal  foil  coated  with  lampblack  on  the 
side  next  the  rays.  Marked  effects  are  also  obtained  when  a  transparent 
plate  was  used  blackened  on  the  side  away  from  the  rays.  The  effect  is  one 
of  radiant  heat,  and  is  essentially  due  to  alternate  expansions  and  contrac- 
tions of  the  layer  of  air  in  contact  with  the  surfaces  which  absorb  the  radiant 
heat.  The  phenomenon  may  be  very  simply  exhibited  by  blackening  half 
the  inside  of  a  test  tube  R  the  open  end  of  which  is  provided  with  a  flexible 
tube  which  can  be  placed  to  the  ear.  When  the  rays  fall  on  the  blackened 
part  a  loud  sound  is  heard,  but  very  little  when  the  bright  side  is  exposed. 
The  effect  is  also  obtained  when  a  blackened  piece  of  foil  is  placed  in  the 
tube. 
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CHAPTER    IX. 

CALORIMETRY. 

447*  CalMimetry.  Tbermsl  unit. — The  object  of  calorimetry  is  to 
measure  the  quantity  of  heat  which  a  body  parts  with  or  absorbs,  when  its 
temperature  sinks  or  rises  through  a  certain  number  of  degrees,  or  when  it 
changes  its  condition. 

Quantities  of  heat  may  be  expressed  by  any  of  its  directly  measurable 
cflects,  but  the  most  convenient  is  the  alteration  of  temperature,  and  quan- 
tities of  heat  arc  usually  defined  by  stating  the  extent  to  which  they  are 
<^M>able  of  raising  a  known  weight  of  a  known  substance,  such  as  water. 
The  UDit  chosen  for  comparison,  and  called  the  thermal  untt^  is  not  every- 
where the  same.  In  France  it  is  the  quantity  of  heat  necessary  to  raise  the 
temperature  of  one  kilogramme  of  water  through  one  degree  Centigrade ;  this 
IS  called  a  calorie.  In  this  book  we  shall  adopt,  as  a  thermal  unit,  the 
fttOH/ity  of  heat  necessary  to  raise  ofie  pound  of  water  through  one  degree 
(^tnHgrade:  i  calorie  ^2'2  thermal  units,  and  one  thermal  unit  =  0*45  calorie. 
On  the  centimetre-gramme-second  system  of  units  the  heat  required  to 
^>se  one  gramme  of  water  through  one  degree  is  taken  as  the  unit.  This  is 
called  the  gramme  degree  or  water  gratnme  degree, 

44S.  Speellle  beat. — When  equal  weights  of  two  different  substances,  at 

the  same  temperature,  placed  in  similar  vessels,  are  subjected  for  the  same 

l^gtb  of  time  to  the  heat  of  the  same  lamp,  or  are  placed  at  the  same 

distance  in  front  of  the  same  fire,  it  is  found  that  their  temperatures  will  vary 

considerably  ;  thus  mercury  will  be  much  hotter  than  water.    But  as,  from 

the  conditions  of  the  experiment,  they  have  each  been  receiving  the  same 

amount  of  heat,  it  is  clear  that  the  quantity  of  heat  which  is  sufficient  to 

faise  the  temperature  of  mercury  through  a  certain  number  of  degrees,  will 

only  raise  the  temperature  of  the  same  quantity  of  water  through  a  less 

number  of  degrees  ;  in  other  words,  that  it  requires  more  heat  to  raise  the 

temperature  of  water  through  one  degree  than  it  does  to  raise  the  temperature 

of  mercury  by  the  same  extent.    Conversely,  if  the  same  quantities  of  water 

and  of  mercury  at  loo**  C.  be  allowed  to  cool  down  to  the  temperature  of  the 

air,  the  water  will  require  a  much  longer  time  for  the  purpose  than  the 

mercury ;  hence,  in  cooling  through  the  same  number  of  degrees,  water 

gives  out  more  heat  than  does  mercury. 

It  is  readily  seen  that  all  bodies  have  not  the  same  specific  heat.  If  a 
pound  of  mercury  at  100®  is  mixed  with  a  pound  of  water  at  zero,  the  tem- 
perature of  the  mixture  will  only  be  about  3°  ;  that  is  to  say,  that  while  the 
mercury  has  cooled  through  97°,  the  temperature  of  the  water  has  only  been 
raised  3®.  Consequently  the  same  weight  of  water  requires  about  32  times  as 
much  heat  as  mercury  does,  to  produce  the  same  elevation  of  temperature. 
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If  similar  experiments  are  made  with  other  substances  it  will  be  found 
that  the  quantity  of  heat  required  to  effect  a  certain  change  of  temperature 
is  different  for  almost  every  substance,  and  we  speak  of  the  specific  heat^  or 
thermal  or  calorific  capacity  of  a  body  as  the  quantity  of  heat  which  it  absorbs 
when  its  temperature  rises  through  a  given  range  of  temperature,  from  zero 
to  1°  for  example,  compared  with  the  quantity  of  heat  which  would  be 
absorbed,  in  the  same  circumstances,  by  the  same  weight  of  water  ;  that  is, 
water  is  taken  as  the  standard  for  the  comparison  of  specific  heats.  Thus, 
to  say  that  the  specific  heat  of  lead  is  0*0314  means  that  the  quantity  of 
heat  which  would  raise  the  temperature  of  any  given  weight  of  lead  through 
1°  C.  would  only  raise  the  temperature  of  the  same  weight  of  water  through 
00314®  C. 

Temperature  is  the  vis  i*iva  of  the  smallest  particles  of  a  body ;  in 
bodies  of  the  same  temperature  the  atoms  have  the  same  vis  viva^  the 
smaller  mass  of  the  lighter  atoms  being  compensated  by  their  greater 
velocity.  The  heat  absorbed  by  a  body  not  only  raises  its  temperature — that 
is,  increases  the  vis  viva  of  the  progressive  motion  of  the  atoms — but  in  over- 
coming the  attraction  of  the  atoms  it  moves  them  further  apart,  and,  along 
with  the  expansion  which  this  represents,  some  external  pressure  is  overcome. 
In  the  conception  of  specific  heat  is  included,  not  merely  that  amount  of  heat 
«hich  j::oes  to  raise  the  temperature,  but  also  that  necessary  for  the  internal 
work  of  expansion,  and  that  required  for  the  external  work.  If  these  latter 
could  be  separated  we  should  get  the  true  heat  of  temperature^  that  which  is 
used  solely  in  increasing  the  vis  viva  of  the  atoms.  This  is  sometimes 
called  the  true  specific  heat. 

Three  methods  have  been  employed  for  determining  the  specific  heats  of 
bodies  :  (i.)  the  method  of  the  melting  of  ice,  (ii.)  the  method  of  mixtures, 
and  (iii.)  that  of  coolinj;.  In  the  latter,  the  specific  heat  of  a  body  is  deter- 
mined by  the  time  which  it  takes  to  cool  through  a  certain  temperature. 
Previous  to  describing  these  methods,  it  will  be  convenient  to  explain  the 
expression  for  the  qujintity  of  heat  absorbed  or  given  out  by  a  body  of  known 
weight  and  specific  heat,  when  its  temperature  rises  or  falls  through  a  certain 
number  of  degrees. 

449.  Measure  of  tbe  sensible  beat  absorbed  by  a  body. — Let  m  be 
the  weight  of  a  body  in  pounds,  c  its  specific  heat,  and  /  its  temperature. 
The  quantity  of  heat  necessary  to  raise  a  pound  of  water  through  one  degree 
being  tJiken  as  unity, ;//  of  these  units  would  be  required  to  raise  m  pounds 
of  water  through  one  degree,  and  to  raise  it  through  /  degrees,  /  times  as 
much,  or  ;;//.  As  this  is  the  quantity  of  heat  necessary  to  raise  through  t 
degrees  m  pounds  of  water,  whose  specific  heat  is  unity,  a  body  of  the  same 
weight,  only  of  different  specific  heat,  would  require  mtc.  Consequently, 
when  a  body  is  heated  through  /  degrees,  the  quantity  of  heat  which  it 
absorbs  is  the  product  of  its  weighty  into  the  range  of  temperature^  into  its 
specific  heat.  This  principle  is  the  basis  of  all  the  formulas  for  calculating 
specific  heats. 

If  a  body  is  heated  or  cooled  from  /  to  /'  degrees,  the  heat  absorbed  or 
disengaged  will  be  represented  by  the  formula 

;;/(/' -/y,  or  m{t-t')c. 


Method  of  the  Fusion  of  la. 

4S0-  MMbodAfttenulon  of  los.— This  method  of  determining  specific 
h»ws  is  based  on  the  fact  that  to  melt  a  pound  of  ice  80  ther 
neccssiry,  or  more  exactly  7g"i5.     Black's  calorimeter  (tig.  371)  consists  of 
J  block  of  ice  in  which  a  cavity  is  made, 
jM  which  is  provided  with  a  cover  of  ice. 
Tilt  substance  whose  specific  heal  is  to  be 
determined  is  heated  to  a  certain  lempera- 

lurt,  and  is  then  placed  in  the  cavity,  which 

15  COTtred    After  some  time  the  body  be- 

comts  cooled  lo  rero.     It  is  then  opened,  and 

both  the  substance  and  the  cavity  wiped  dry 

"iih  1  sfionge   which    has   been    previously 

"(ighed     The  increase  of  weight  of  this 

sponge  obviously  represents  the  ice  which  rig.  371. 

liis  been  cotivcned  into  water. 

Now,  since  one  piound  of  ice  at  tf  in  melting  to  water  at  0°  absorbs  80 

'htttnal  units,  P  pounds  absorbs  80  P  units.     On  the  other  hand  this  quan- 

titrof  heat  is  equal  to  the  heat  given  out  by  the  body  in  cooling  from  f  to 

"»,  "hich  is  ntte,  for  it  may  be  taken  for  granted  thai  in  cooling  from  t"  to 

■ffo  a  body  gi\'es  out  as  much  heat  as  it  absorbs  in  being  heated  from  lero 

'0/',    Consequently  from 

w/t-8oP  wehavec-^"''. 
mt 
It  is  difficult  to  obtain  blocks  of  ice  as  large  and  pure  as  those  used 
^  Elltck  in  his  experiments,  and  Lavoisier  and  Laplace  replaced  the  block 
"*!»  by  a  more  complicated 
i^liwMus  which  is  called  the 
if  cabrimeter.       Fig.     372 
^'M  »  perspective  view  of 
373  represents  a 
"  It  consists  of  three 
ctin  vessels  ;  in  the 
splaced  thebody 
B  specific  hent  Is  to 
^dMeraiined,  while  the  two 
Mherg  are  filled  with  pounded 


i«.  The  i. 


I   the 


Pitment  A,  is  mched  by  the 

hated  body,  while  the  ite 

""  ihe  compartment  B  cun 

■^the  heating  influence  of 

'^HiRounding  atmosphere 

flu  1*0  stopcocks  E  and  D  p. 

Ifveinueto  the  waterwhich  »37»-  't- »i- 

inwfroni  the  liquefaction  of  the  ice. 

Id  order  to  Iind  the  specific  heat  of  a  body  by  this  apparatus,  its  weight, 

*.  is  first  determined  ;  it  is  then  raised  to  a  given  temperature,  /,  by  keeping 

"for  lome  time  in  an  oil  or  water  bath,  or  in  a  current  of  steam.     Having 

^fw  quickly  brought  into  the  central  compartment,  the  lids  are  replaced 

*3 
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and  covered  with  ice,  as  represented  in  the  figure.    The  water  which  flows 

out  by  the  stopcock  D  is  collected.     Its  weight,  P,  is  manifestly  that  of  the 

melted  ice.    The  calculation  is  then  made  as  in  the  preceding 

There  are  many  objections  to  the  use  of  this  apparatus 
From  its  siie  it  requires  some  quantity  of  ice,  and  a  body,  M, 
of  large  mass  ;  while  the  experiment  lasts  a  considerable  time. 
A  certain  weight  of  the  melted  water  remains  adhering  to  the 
I  ice,  so  that  the  water  which  flows  out  from  D  does  not  exactly 

represent  the  weight  of  the  melted  ice. 

451.  »■—■'■  Ifir  nalnrlmntT — On  the  very  considerable 
diminution  of  volume  which  ice  experiences  on  passmg  into 
water  (547).  Bunsen  has  based  a  calorimeter  which  is  particu- 
larly suitable  when  only  small  quantities  of  a  substance  can 
be  used  in  determinations.  A  small  test  tube  a  (fig.  374) 
intended  to  receive  the  substance  experimented  upon  is  fused 
in  the  wider  tube  B,  The  part  ab  contains  pare  fireshly 
boiled  distilled  water,  and  the  prolongation  of  this  tube  BC, 
toReiher  with  the  capillary  tube  d,  contains  pure  mercury. 
This  tube  d  is  firmly  fixed  to  the  end  of  the  tube  C  ;  it  is 
e  graduated,  and  ihc  value  of  each  division  of  the  graduation  is 
specially  determined  by  calibration.  When  the  apparatus  is 
immersed  in  a  freeiing  mixture,  the  water  in  the  part  ab 
freezes.  Hence,  if  afterwards,  white  the  apparatus  is  protected 
against  the  access  of  heat  from  without,  a  weighed  quantity  of 
temperature  is  introduced  into  the  tube,  it  imparts 


n  sinking  10  z< 


In  doing  so  it  melts  a  certain  quantity 
of  ice,  which  is  evidenced  by  a  cor- 
responding depression  of  the  mercury 
in  the  lube  d.  Thus  the  weight  of 
ice  melted,  together  with  the  weight 
and  original  temperature  of  the  sub- 
stance experimented  upon,  furnish  all 
the  data  for  calculating  the  specific 
heat. 

For  heating  the  substance  in  this, 
and  also  in  other  calorimetrical  ex- 
periments, the  apparatus  fig.  375  is 
well  adapted.  The  cylindrical  metal 
vessel  G  is  narrower  at  the  top,  and 
a  glass  test-tube  R  is  fitted  into  a 
cork  which  closes  G.  In  this  glass  tube, 
which  is  also  closed  by  a  cork  K,  the 
substance  is  placed  which  is  to  be 
heated.  The  greater  part  of  the  vessel 
is  covered  by  a  thick  mantle  of  felt,  B. 
The  water  in  the  vessel  is  bailed,  the 
ance  has  acquired  the  temperature  o{ 
enty  minutes  is  required.     The  mantle  and 
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die  lamp  having  been  taken  away,  the  tube  R  is  rapidly  removed,  and  its 
contents  tipped  into  the  tube  a  of  the  calorimeter  (fig.  374). 

For  this  method  of  determining  specific  heat  a  new  determination  of 
the  latent  heat  of  ice  was  made,  and  was  found  to  be  80*025.  ^^  ^'^^  ^so 
in  connection  with  these  experiments  that  Bunsen  made  his  determination 
of  the  specific  gravity  of  ice,  which  he  found  to  be  in  the  mean  0*91674. 

By  the  above  method  Bunsen  determined  the  specific  heat  G(  several  of 
the  rare  metals  for  which  a  weight  of  only  a  few  grains  could  be  used. 

452.  Ketbod  of  miztares. — In  determining  the  specific  heat  of  a  solid 
body  by  this  method,  it  is  weighed  and  raised  to  a  known  temperature,  by 
keeping  it,  for  instance,  for  some  time  in  a  closed  p^ace  heated  by  steam  ; 
it  is  then  immersed  in  a  mass  of  cold  water,  the  weight  and  temperature  of 
which  are  known.  From  the  temperature  of  the  water  after  mixture  the 
specific  heat  of  the  body  is  determined. 

Let  M  be  the  weight  of  the  body,  T  its  temperature,  c  its  specific  heat ; 
and  let  iwr  be  the  weight  of  the  cold  water  and  /  its  temperature. 

As  soon  as  the  heated  body  is  plunged  into  the  water,  the  temperature  of 
the  latter  rises  until  both  are  at  the  same  temperature.  Let  this  temperature 
be  B.  The  heated  body  has  been  cooled  by  T  -  ^  ;  it  has,  therefore,  lost  a  quan- 
tity of  heat,  W(T-^r.  The  cooling  water  has,  on  the  contrary,  absorbed  a 
quantity  of  heat  equal  to  m  (B  -  /),  for  the  specific  heat  of  water  is  unity.  Now 
the  quantity  of  heat  given  out  by  the  body  is  manifestly  equal  to  the  quantity 
of  heat  absorbed  by  the  water ;  that  is,  M(T— ^)^«/;i(^-t),from  which 

M(T-^)- 

An  example  will  illustrate  the  application  of  this  formula.  A  piece  of 
iron  weighing  60  ounces,  and  at  a  temperature  of  ioo°  C,  is  immersed  in 
180  ounces  of  water,  whose  temperature  is  19°  C.  After  the  temperatures 
have  become  uniform,  that  of  the  cooling  water  is  found  to  be  22°  C.  What 
is  the  specific  heat  of  the  iron  ? 

Here  the  weight  of  the  heated  body,  M,  is  60,  the  temperature,  T,  is  100°, 
^  is  to  be  determined  ;  the  temperature  of  mixture,  0,  is  22°,  the  weight  of 
the  cooling  water  is  180,  and  its  temperature  12°.     Therefore 

180(22-19)     9     ^,,,^ 
c  =  — ^ ?z  -  :l  «  o* 1 1 53. 

60(100-22)    78 

455.  CMT«etloB«. — The  vessel  containing  the  cooling  water  is  usually 
a  small  cylinder  of  silver  or  brass,  with  thin  polished  sides,  and  is  supported 
^ysome  badly  conducting  arrangement.  It  is  obvious  that  this  vessel,  which 
's  originally  at  the  temperature  of  the  cooling  water,  shares  its  increase  of 
temperature,  and  in  accurate  experiments  this  must  be  allowed  for.  The 
<lecrease  of  temperature  of  the  heated  body  is  equal  to  the  increase  of 
temperature  of  the  cooling  water,  and  of  the  vessel  in  which  it  is  contained. 
If  the  weight  of  this  latter  be  ///',  and  its  specific  heat  c\  its  temperature,  like 
that  of  the  water,  is  /  :  consequently  the  previous  equation  becomes 

Mc{T  -6)'  miS  -  /)  +  m'c\6  -  /)  ; 
from  which,  by  obvious  transformations, 

^(w  +  ;;/V)  {S  -  / ) 
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Generally  speaking,  the  value  w V  is  put » fi  ;  that  is  to  say,  fi  is  the 
weight  of  water  which  would  absorb  the  same  quantity  of  heat  as  the  vesseL 
This  is  said  to  be  the  reduced  value  in  water  of  the  vessel,  or  the  waier  equi- 
valeni.    This  expression  accordingly  becomes 

M(T-tf)     * 

In  accurate  experiments  it  is  necessary  to  allow  also  for  the  heat  absorbed 
by  the  glass  and  mercury  of  the  thermometer,  by  introducing  into  the  equa- 
tion their  values  reduced  on  the  same  principle. 

In  order  to  allow  for  the  loss  of  heat  due  to  radiation,  a  preliminary  experi- 
ment is  made  with  the  body  whose  specific  heat  is  sought,  the  only  object 
of  which  is  to  ascertain  approximately  the  increase  of  temperature  of  the 
cooling  water.  If  this  increase  be  io°,  for  example,  the  temperature  of  the 
water  is  reduced  by  half  this  number — that  is  to  say  5®  below  the  tempera- 
ture of  the  atmosphere— and  the  experiment  is  then  carried  out  in  the 
ordinary  manner. 

By  this  method  of  compensation,  first  introduced  by  Rumford,  the  water 
receives  as  much  heat  from  the  atmosphere,  during  the  first  part  of  the  ex- 
periment, as  it  loses  by  radiation  during  the  second  part. 

454.  &egiiaiilt*s  apparatus  for  detemklnlnr  speeMo  beats. — Fig  376 
represents  one  of  the  forms  of  apparatus  used  by  Regnault  in  determining 
specific  heats  by  the  method  of  mixtures. 

The  principal  part  is  a  water  bath,  AA,  of  which  fig.  377  represents  a 
section.  It  consists  of  three  concentric  compartments ;  in  the  central  one 
there  is  a  small  basket  of  brass  wire,  r,  containing  fragments  of  the  substance 
whose  specific  heat  is  to  be  determined,  in  the  middle  of  which  is  placed  a 
thermometer,  T.  The  second  compartment  is  heated  by  a  current  of  steam 
cominij  through  the  tube,  e^  from  a  boiler  B,  and  passing  into  a  worm,  a 
where  it  is  condensed.  The  third  compartment,  //*,  is  an  air  chamber,  to 
hinder  the  loss  of  heat.  The  water  bath  AA  rests  on  a  chamber,  K,  with 
double  sides,  EE,  forming  a  jacket,  which  is  kept  full  of  cold  water,  in  order 
to  exclude  the  heat  from  AA  and  from  the  boiler,  B.  The  central  compart- 
ment of  the  water  bath  is  closed  by  a  damper,  r,  which  can  be  opened  at 
pleasure,  so  that  the  basket,  r,  can  be  lowered  into  the  chamber,  K. 

On  the  left  of  the  figure  is  represented  a  small  and  very  thin  brass  vessel, 
D,  suspended  by  silk  threads  on  a  small  carriage,  which  can  be  moved  out 
of,  or  into,  the  chamber,  K.  This  vessel,  which  serves  as  a  calorimeter,  con- 
tains water,  in  which  is  immersed  a  thermometer,  /.  Another  thermometer 
at  the  side,  /*,  gives  the  temperature  of  the  air. 

When  the  thermometer  T  shows  that  the  temperature  of  the  substance 
in  the  bath  is  stationary,  the  screen,  //,  is  raised,  and  the  vessel,  D,  moved  to 
just  below  the  central  compartment  oif  the  water  bath.  The  damper,  r,  is 
then  withdrawn,  and  the  basket,  r,  and  its  contents  are  lowered  into  the  water 
of  the  vessel,  D,  the  thermometer,  T,  remaining  fixed  in  the  cork.  The 
carriage  and  the  vessel,  D,  are  then  moved  out,  and  the  water  agitated  until 
the  thermometer,  T,  becomes  stationary.  The  temperature  which  it  indicates 
is  6,     This  temperature  known,  the  rest  of  the  calculation  is  made  in  the 
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449,  care  being  taken  to  make  all  the  necessary 


manner  described  in  art 
Loireclions. 

In  determining  the  specific  heat  of  substances — phosphi 
— uhich  could  not  be  healed  without  causing  them  to  melt,  or  undergo  some 
i:h>nge  which  would  interfere  with  the  accuracy  of  the  result,  Regnault 
.idopted  an  inverse  process :  he  cooled  them  down  to  a  temperature  con- 
iidcrably  below  that  of  (he  water  in  the  calorimeter,  and  then  observed  the 
ciiniinuiion  in  the  temperature  of  the  latter,  which  resulted  from  immersing 
the  cooled  substance  in  it. 

In  deieimining  the  specific  heat  of  substances,  which,  like  potassium, 
would  decompose  water,  some  other  liquid,  such  as  turpentine  or  beniole, 


I 


fig.  376. 

™u(i  be  used.  These  liquids  have  the  additional  advantage  of  having  3 
lower  tpctific  heat  than  water,  which  has  the  highest  of  any  liquid,  so  that 
■W  Wror  in  determining  the  temperature  of  the  cooling  liquid  has  a  less 
infiotncE  on  ihe  value  of  the  specific  heat.  With  this  view  use  has  been 
lade  of  mercury,  the  specific  heal  of  which  is  only  one-thirlieth  that  of 
■aier, 

J}S-  Metbod   of  ooollnff. — Equal   weights   of  different    bodies   whose 
'pecific  heats  are  ditferent,  will  occupy  difTcrcnl  times  in  cooling  through 
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the  same  number  of  degrees.  Dulongand  Petit  applied  this  principle  in 
determining  the  specific  heats  of  bodies  in  the  following  manner  : — ^A  small 
polished  silver  vessel  is  filled  with  the  substance  in  a  state  of  fine  powder, 
and  a  thermometer  placed  in  the  powder,  which  is  pressed  down.  This 
vessel  is  heated  to  a  certain  temperature,  and  is  then  introduced  into  a 
copper  vessel,  in  which  it  fits  hermetically.  This  copper  vessel  is  exhausted, 
and  maintained  at  the  constant  temperature  of  melting  ice,  and  the  time 
noted  which  the  substance  takes  in  falling  through  a  given  range  of  tem- 
perature, from  1 5°  to  5**  for  example.  The  times  which  equal  weights  of  dif- 
ferent bodies  require  for  cooling,  through  the  same  range  of  temperature,  are 
directly  as  their  specific  heats. 

Regnault  has  proved  that  with  solids  this  method  does  not  give  trust- 
worthy results  ;  it  assumes,  which  is  not  quite  the  case,  that  the  cooling  in 
all  parts  is  equal,  and  that  all  substances  part  with  their  heat  to  the  silver 
case  with  equal  facility.  The  method  may,  however,  be  employed  with 
success  in  the  determination  of  the  specific  heat  of  liquids^ 

In  an  investigation  of  the  specific  heats  of  various  soils,  Pfaundler  found 
that  a  soil  of  low  specific  heat  heats  and  cools  rapidly,  while  earth  of  higher 
specific  heat  undergoes  slow  heating  and  slow  cooling  \  that  moist  earths 
rich  in  humus  have  a  high  specific  heat,  amounting  in  the  case  of  turf  to  as 
much  as  o*5  ;  while  dry  soils  free  from  humus,  such  as  lime  and  sand,  have 
a  low  specific  heat,  not  more  than  about  o*2. 

456.  Speotflo  beat  of  liquids. — The  specific  heat  of  liquids  may  be 
determined  either  by  the  method  of  cooling,  by  that  of  mixtures,  or  by  that 
of  the  ice  calorimeter.  In  the  latter  case  they  are  contained  in  a  small 
metal  vessel,  or  a  glass  tube,  which  is  placed  in  the  central  compartment 
(fig.  376),  and  the  experiment  then  made  in  the  usual  manner. 

A  method  of  determining  the  specific  heat  of  liquids  which  under  certain 
circumstances  is  advantageous  depends  on  a  property  of  the  electrical 
current  of  heating  any  conductor  through  which  it  passes. 

In  two  equal  calorimeters  containing  the  liquids  to  be  tested  together 
with  suitable  thermometers  and  stirrers,  two  equal  spirals  of  fine  platinum 
wire  are  placed.  These  are  connected  with  a  voltaic  battery  by  means  of 
copper  wires,  and  if  the  same  current  of  electricity  be  simultaneously 
passed  through  each  of  them,  which  can  be  very  accurately  done,  the  heat 
produced  in  the  wires  will  be  equal,  and  the  rise  in  temperature  in  the 
liquids  will  then  be  inversely  as  the  specific  heats.  One  of  the  liquids  is 
usually  water. 

It  will  be  seen  from  the  table  in  the  following  article  that  water  and  oil  of 
turpentine  have  a  much  greater  specific  heat  than  other  substances,  and  more 
especially  than  the  metals.  It  is  from  its  great  specific  heat  that  water  re- 
quires a  long  time  in  being  heated  or  cooled,  and  that  for  the  same  weight 
and  temperature  it  absorbs  or  gives  out  far  more  heat  than  other  substances. 
This  double  property  is  applied  in  the  hot-water  apparatus,  of  which  we 
shall  presently  speak,  and  it  plays  a  most  important  part  in  the  economy  of 
nature. 

457.  Speoiflo  beats  of  bodies. — The  list  contained  in  the  next  article 
(458)  gives  the  specific  heats  of  a  great  number  of  elementary  substances. 
We  give  here  the  specific  heats  of  a  few  substances,  mostly  liquids  : — 
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Specific  heat  Specific  heat 

Turpentine  .  0*426  Bisulphide  of  carbon  0*245 

Alcohol    ....  0*062  Thermometer  glass  0*198 

Ether       ....  0*516  Steel  .0*118 

Glycerine  0*555  Brass      ....    0*094 

The  specific  heat  of  water  is  commonly  taken  at  unity,  which  is  not 
strictly  correct.  According  to  the  most  recent  determinations  it  is  expressed 
by  the  formula  i  +  0*00015/. 

These  numbers,  as  well  as  the  numbers  in  (458),  represent  the  mean 
specific  heats  between  o^  and  loo^  It  was,  however,  shown  by  Dulong  and 
Petit  that  the  specific  heats  increase  with  the  temperature.  Those  of  the 
metals,  for  instance,  are  greater  between  100°  and  200**  that  between  0°  and 
100^,  and  are  still  greater  between  200°  and  300^ ;  that  is  to  say,  a  greater 
amount  of  heat  is  required  to  raise  a  body  from  200°  to  250°,  than  from  100^ 
to  1 50%  and  still  more  than  from  0°  to  50°.  For  silver,  the  mean  specific 
heat  between  0°  and  100**  is  0*057,  while  between  0°  and  200°  it  is  00611. 
The  following  table  gives  the  specific  heats  at  various  temperatures  : — 

Copper 0*0910  +  0*000046/ 

Zinc 00865  +  0-000088/ 

Lead 0*0286  +  0*000038/ 

Platinum 0*0317  +  0*0000062/ 

Water i  +  0*0001 5/ 

The  increase  of  specific  heat  with  the  temperature  is  greater  as  bodies 
arc  nearer  their  fusing  point.  Any  action  which  increases  the  density  and 
molecular  aggregation  of  a  body,  diminishes  its  specific  heat.  The  specific 
beat  of  copper  is  diminished  by  its  being  hammered,  but  it  regains  its  original 
value  after  the  metal  has  been  again  heated. 

The  specific  heat  of  a  liquid  increases  with  the  temperature  much  more 
rapidly  than  that  of  a  solid.  Water  is,  however,  an  exception  ;  its  specific 
heat  increases  less  rapidly  than  does  that  of  solids. 

The  most  remarkable  examples  of  the  influence  of  temperature  on  the 
specific  heat  are  afforded  by  carbon,  boron,  and  silicon.    Weber  has  found 
that  at  6oo**the  specific  heat  of  carbon  is  7  times,  and  that  of  boron  2^  times, 
as  great  as  their  respective   specific  heats  at  —  50.     The  specific  heat  of 
diamond  is  0*0635  at -50°,  0*1318  at  33°,  0-2218  at  140®,  and  03026  at  247°. 
Although  the  specific  heat  increases  thus   rapidly  between  -  50°  and  250° 
beyond  that  point  the  rate  of  increase  is  slower ;  and  beyond  600°,  or  at  an 
incipient  red  heat,  it  seems  to  be  pretty  constant,  or  at  any  rate  to  exhibit 
no  greater  variations  with  the  temperature  than  are  afforded  by  other  sub 
stances.     Thus,  while  at  600°  the  specific  heat  is  0*441,  at  985°  it  is  0-459. 
Graphite  also  has  at  22°  the  specific  heat  0-168;  this  increases,  but  at  a 
f^ually  diminishing  rate,  to  642°,  where  its  specific  heat  is  0*445.     Like 
diamond,  an  incipient  red  heat  seems  to  be  a  limiting  temperature  beyond 
which  graphite  exhibits  only  the  ordinary  variation  with  the  temperature. 
Weber  has  also  found  that,  in  their  thermal  deportment,  there  arc  only  two 
essentially  different  modifications  of  carbon — the  transparant  one  (diamond), 
and  the  opaque  ones  (graphite,  dense  amorphous  carbon,  and  porous  amor- 
phous carbon). 
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Crystallised  boron  is  similar  in  its  deportment  to  carbon ;  its  specific 
heat  increases  from  0-1915  at-40®  to  0*2382  at  27®,  and  to  0.3663  at  233^. 
The  rate  of  increase  is  very  rapid  up  to  80** ;  it  increases*  beyond  that 
temperature,  but  at  a  gradually  diminished  rate,  and,  no  doubt,  tends  to  an 
almost  constant  value  of  0*5. 

The  specific  heat  of  silicon  also  varies  with  the  temperature  ;  between 
—  40®  and  200°  it  increases  from  0*136  to  0*203  ;  the  rate  of  increase  is  less 
rapid  with  higher  temperatures,  being  at  200**  only  Jy  what  it  is  at  loP.  At 
200®  it  reaches  its  limiting  value. 

The  specific  heat  of  substances  is  greater  in  the  liquid  than  in  the  solid 
state,  as  will  be  seen  by  the  following  table  : — 

Solid  Liquid 

Water 0*489  i*ooo 

Sulphur 0*203  0*234 

Bromine 0*084  o*iio 

Iodine 0*054  0-008 

Mercury 0-031  0*033 

Phosphorus 0*190  0*202 

Tin 0-056  0*064 

Lead 0*031  0-040 

It  also  differs  with  the  allotropic  modification  ;  thus  the  specific  heat  of 
red  phosphorus  is  019,  and  that  of  white  0-17;  of  crystallised  arsenic 
0083,  and  of  amorphous  0-058 ;  of  crystallised  selenium  0*084,  and  of 
amorphous  00953  >  of  wood  charcoal  0*241 ;  of  graphite  0*202  ;  and  of 
diamond  0-147. 

Pouillet  used  the  specific  heat  of  platinum  for  measuring  high  degrees  of 
heat.  Supposing  200  ounces  of  platinum  had  been  heated  in  a  furnace,  and 
had  then  been  placed  in  1,000  ounces  of  water,  the  temperature  of  which  it 
had  raised  from  13°  to  20°.  From  the  formula  we  have  M  =  200,  m  ■  1000 ; 
B  is  20,  and  /is  13.  The  specific  heat  of  platinum  is  0*033,  2ind  we  have 
therefore,  from  the  equation  — 

M<T-^)  =  w(^-/) 
rp  _  fn{6  -/)-<-  M^^  _  7000  +  132     7132         «o 
Mr  6-6        "  6*6  "'''*^- 

It  is  found,  however,  that  the  mean  specific  heat  of  platinum  at  tempera- 
tures up  to  about  1200°  is  00377  ;  if  this  value,  therefore,  be  substituted  for 
c  in  the  above  equation,  we  have  — 

T  =  7i5o-8^     goQ 
7*54 

By  this  method,  which  requires  great  skill  in  the  experimenter,  Pouillet 
determmed  a  series  of  high  temperatures.  He  found,  for  example,  the  tem- 
perature of  melting  iron  to  be  1500°  to  1600°  C. 

458.  Bulonr  and  Petit**  law.  -A  knowledge  of  the  specific  heat  of 
bodies  has  become  of  great  importance,  in  consequence  of  Dulong  and  Petit's 
discovery  of  the  remarkable  law,  that  the  product  of  the  specific  heat  of  any 
solid  element  into  its  atomic  weight  is  approximately  a  constant  number,  as 
will  be  seen  from  the  following  table  :— 
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Aluminium 

Antimony  . 

Arsenic  * 

Bismuth 

Bromine 

Cadmium 

Cobalt 

Copper 

Gold  . 

Iodine 

Iron  . 

Lead  . 

Magnesium 

Mercury 

Nickel 

Phosphorus 

Platinum 

Potassium 

Silver 

Sulphur 

Tin    . 

Zinc  . 


It  will  be  seen  tha 
^i-ecn  5*39  and  6*87 


Specific 

Atomic 

Atomic 

heat 

weight 

heat 

0-2I43 

27*4 

5-87 

00513 

122       , 

6-26 

0-0822 

75 

6-17 

0*0308 

210 

6*47 

0-0843 

80 

6-74 

0-0567 

112 

6*35 

0*1067 

58-7 

6-26 

0*0939 

635 

5*99 

00324 

197 

6-38 

0-0541 

127 

687 

0*1138 

56 

6-37 

0-0314 

207 

6-50 

0-2475 

24 

5-94 

0-0332 

200 

6-64 

0-1092 

587 

6-41 

0-1740 

31-0 

5-39 

0-0324 

197-5 

640 

0-1655 

39-1 

6-47 

00570 

1080 

6-i6 

0-178 

32 

570 

0-0555 

iiS 

6-55 

0-0950 

652 

623 

the  number  is  not  a  constant,  varying  as  it  does 
These  variations  may  depend  partly  on  the  difficulty 
''[getting  the  elements  in  a  state  of  perfect  purity,  and  partly  on  errors  in- 
cidental to  the  determination  of  the  specific  heats,  and  of  the  atomic  weights. 
Again,  the  specific  heats  of  bodies  vary  with  the  state  of  aggregation  of  tht: 
wdies,  and  also  with  the  temperatures  at  which  they  are  determined  ;  some, 
such  as  potassium,  have  been  determined  at  temperatures  very  near  their 
fusing  points  ;  others,  like  platinum,  at  temperatures  much  removed  from 
^hem.  A  prominent  cause,  therefore,  of  the  discrepancies  is  doubtless  to  be 
found  in  the  fact  that  all  the  determinations  have  not  been  made  under 
corresponding  physical  conditions. 

The  atomic  weights  of  the  elements  represent  the  relative  weights  of  equal 
numbers  of  atoms  of  these  bodies,  and  the  product,  pc^  of  the  specific  heat, 
'»  into  the  atomic  weight,  p,  is  the  atomic  heat,  or  the  quantity  of  heat 
necessary  to  raise  the  temperature  of  the  same  number  of  atoms  of  different 
substances  by  one  degree ;  and  Dulong  and  Peiit's  law  may  be  thus  ex- 
Pi^esscd  :  the  same  quantity  of  heat  is  needed  to  heat  an  atom  of  all  simple 
bodies  to  the  same  extent. 

The  atomic^ heat  of  a  body,  when  divided  by  its  specific  heat,  gives  the 
atomic  weight  of  a  body.  Regnault  even  proposed  to  use  this  relation  as  a 
n^eans  of  determining  the  atomic  weight,  and  it  certainly  is  of  great  service 
in  deciding  on  the  atomic  weight  of  a  body  in  cases  where  the  chemical 
relations  permit  a  choice  between  two  or  more  numbers. 

According  to  modem  views,  the  heat  imparted  to  a  body  is  partly  e.x- 
pendcd  in  external  work,  which  in  the  case  of  a  solid  would  be  extremely 
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small,  being  only  that  required  for  the  pressure  ot  the  atmosphere 
through  a  distance  representing  the  expansion  ;  secondly,  the  internal  work, 
or  the  heat  used  in  overcoming  the  attraction  of  the  atoms,  and  forcing 
them  apart ;  and  thirdly,  there  is  the  true  specific  keai^  or  the  heat  applied  in 
increasing  the  temperature — that  is,  in  increasing  the  vis  viva  of  the  molecules 
(448).  By  far  the  most  considerable  of  these  is  the  latter ;  the  amount  of 
heat  consumed  in  the  two  former  operations  is  small,  and  the  variations 
with  different  bodies  must  be  inconsiderable.  Until,  however,  the  relation 
between  the  various  factors  is  made  out,  absolute  identity  in  the  numbers 
for  the  atomic  specific  heat  cannot  be  expected.  Weber  holds  that  even 
when  due  allowance  has  been  made  for  these  circumstances,  the  variations 
are  too  great  to  be  accounted  for,  and  he  considers  that  they  point  for  their 
explanation  to  an  alteration  in  the  constitution  of  the  atom,  and  render 
probable  a  changing  valency  of  the  atom  of  carbon. 

459.  Speolflo  beat  of  oompoand  bodies. — In  compound  bodies  the  law 
also  prevails  :  the  product  of  the  speciftc  heat  into  the  equivalent  is  an  al- 
most constant  number,  which  varies,  however,  with  different  classes  of  bodies. 
Thus,  for  the  class  of  oxides  of  the  general  formula  RO,  it  is  1 1  -30 ;  for  the 
sesquioxides  R^O^  it  is  27-15  ;  for  the  sulphides  RS,  it  is  i8-88  ;  and  for  the 
carbonates  RCO"*,  it  is  21*54.  The  law,  which  is  known  as  Neumarifi^s  law^ 
may  be  expressed  in  the  following  general  manner: — With  compounds  of 
the  same  formula^  and  of  a  similar  chemical  constitutiony  the  product  of  the 
atomic  weight  into  the  specific  heat  is  a  constant  quantity.  This  includes 
Dulong  and  Petit's  law  as  a  particular  case. 

Kopp  propounded  the  following  law,  which  is  an  extension  of  that  of 
Neumann  : — The  molecular  heats  of  all  solid  bodies  are  equal  to  the  sum  of 
the  molecular  heats  of  the  elements  contained  in  them,  Dulong  and  Petit's 
law  that  all  elements  have  the  same  atomic  heat  he  does  not  consider  uni- 
versally valid.  He  assigns  the  number  6*4  to  all  elements  excepting  the 
following ;  with  sulphur  and  phosphorus  it  is  5*4,  fluorine  5*0,  oxygen  4-0, 
silicon  3'8,  boron  27,  hydrogen  2*3,  and  carbon  i*8. 

Even  with  this  modification  it  is  found  that  the  calculated  heats  of  com- 
pounds differ  more  from  the  observed  ones  than  can  be  ascribed  to  errors  in 
the  determination  of  the  specific  heats.  This  is  probably  due  to  the  fact 
that  some  of  the  heat  is  expended  in  internal  work,  and  that  it  is  this  which 
brings  about  the  discrepancies. 

With  mixtures  of  alcohol  and  water  in  certain  proportions,  the  specific 
heat  is  greater  than  that  of  the  water ;  thus,  that  of  a  mixture  containing 
20  per  cent,  of  alcohol  was  found  by  Dupr^  and  Page  to  be  i  *0456.  No 
general  law  can  be  laid  down  for  solutions  of  acids  or  of  salts  in  water  \ 
though  the  specific  heat  is  most  frequently  less  than  that  calculated  from  the 
constituents. 

46a  Speelflo  beat  of  yaees. — The  specific  heat  of  a  gas  may  be  re- 
ferred either  to  that  of  water  or  to  that  of  air.  In  the  former  case  it  repre- 
sents the  quantity  of  heat  necessary  to  raise  a  given  weight  of  the  gas  through 
one  degree,  as  compared  with  the  heat  necessary  to  raise  the  same  weight 
of  water  one  degree.  In  the  latter  case  it  represents  the  quantity  of  heat 
necessary  to  raise  a  given  volume  of  the  gas  through  one  degree,  compared 
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with  the  quantity  necessary  for  the  same  volume  of  air  treated  in  the  same 
manner. 

De  la  Roche  and  Berard  determined  the  specific  heats  of  gases  in  re- 
ference to  water  by  causing  known  volumes  of  a  given  gas  under  constant 
pressure,  and  at  a  given  temperature,  to  pass  through  a  spiral  glass  tube 
placed  in  water.  From  the  increase  in  temperature  of  this  water,  and  from 
the  other  data,  the  specific  heat  was  determined  by  a  calculation  analogous 
to  that  given  under  the  method  of  mixtures.  They  also  determined  the 
speci6c  heats  of  different  gases  relatively  to  that  of  air,  by  comparing  the 
quantities  of  heat  which  equal  volumes  of  a  given  gas,  and  of  air  at  the  same 
pressure  and  temperature,  imparted  to  equal  weights  of  water.  Subsequently 
to  these  researches,  De  la  Rive  and  Marcet  applied  the  method  of  cooling  to 
the  same  determination  ;  and  more  recently  Regnault  made  a  series  of  in- 
vestigations on  the  calorific  capacities  of  gases  and  vapours,  in  which  he 
adopted,  but  with  material  improvements,  the  method  of  De  la  Roche  and 
Berard.  He  thus  obtained  the  following  result^  for  the  specific  heats  of  the 
various  gases  and  vapours,  compared  first  with  an  equal  weight  of  water 
taken  as  unity  ;  secondly,  with  that  of  an  equal  volume  of  air,  referred,  as 
before  to  its  own  weight  of  water  taken  as  unity  : — 

Specific  heats 
E^ual  Equal 

weights  volumes 

Air 0*2374  0*2374 

Oxygen 0*2174  0*2405 

Nitrogen 0*2438  0*2370 

Hydrogen 3*4090  0*2359 

.Chlorine  .  .0*1210  0*2962 

J  Binoxide  of  nitrogen  0*2315  0*2406 

Carbonic  oxide      ....  0*2450  0*2370 

Carbonic  acid        .  .0*2163  0*3307 

Hydrochloric  acid  .  0*1845  0*2333 

Ammonia 0*5083  0*2966 

VOlefiant  gas 0*4040  0*4106 

Water 0*4805  02984 

Ether 0*4810  1*2296 

Alcohol o*4534  0*7171 

1  Turpentine 0*5061  2*3776 

I  Bisulphide  of  carbon  .        .  01570  0*4140 

VBenzole 0*3754  1*0114 


Simple 
gases 


gases 


Vapours 


In  making  these  determinations  the  gases  were  under  a  constant  pressure,, 
^t  variable  volume ;  that  is,  the  gas  as  it  was  heated  could  expand,  and 
this  is  called  the  specific  heat  under  constant  pressure.  But  if  the  gas  when 
h^  heated  is  kept  at  a  constant  volume,  its  pressure  or  elastic  force  then 
necessarily  increasing,  it  has  a  different  capacity  for  heat ;  this  latter  is 
spoken  of  as  the  specific  hcfiU  under  constant  volume.  That  this  latter  is  less 
than  the  former  is  evident  from  the  following  considerations  : — 

Suppose  a  given  quantity  of  gas  to  have  had  its  temperature  raised  /° 
vhile  the  pressure  remained  constant,  this  increase  of  temperature  will  have 
been  accompanied  by  a  certain  increase  in  volume.     Supposing  now  that 
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the  gas  is  so  compressed  as  to  restore  it  to  its  original  volume,  the  result  of 
this  compression  will  be  to  raise  its  temperature  again  to  a  certain  extent, 
say  t^.  The  gas  will  now  be  in  the  same  condition  as  if  it  had  been  heated 
and  not  been  allowed  to  expand.  Hence,  the  same  quantity  of  heat  which 
is  required  to  raise  the  temperature  of  a  given  weight  of  gas,  /**,  while  the 
pressure  remains  constant  and  the  volume  alters,  will  raise  the  temperature 
/  +  /'  degrees  if  it  is  kept  at  a  constant  volume  but  variable  pressure.  The 
specific  heat,  therefore,  of  a  gas  at  constant  pressure,  ^,  is  greater  than  the 
specific  heat  under  constant  volume,  r„  and  they  are  to  each  other  as  /-»■  Z' :  /, 

that  is  i  -  ^-^. 

It  is  not  possible  to  determine  by  direct  means  the  specific  heat  of  gases 
under  constant  volume  with  much  approach  to  accuracy ;  and  it  has  been 
determined  by  some  indirect  method,  of  which  the  most  accurate  is  based 
on  the  theory  of  the  propagation  of  sound  (229).  A  critical  comparison  of 
the  most  accurate  recent  determinations  gives  the  number  1*405  for  the 

value  of  — ,  which  is  usually  designated  by  the  symbol  k, 

461.  latent  beat  of  Aision. — Black  was  the  first  to  observe  that  during 
the  passage  of  a  body  from  the  solid  to  the  liquid  state,  a  quantity  of  heat 
disappears,  so  far  as  thermomctric  effects  are  concerned,  and  which  is  ac- 
cordingly said  to  become  latent. 

In  one  experiment  he  suspended  in  the  room  at  a  temperature  8*5°  two 
thin  glass  flasks,  one  containing  water  at  o^,  and  the  other  the  same  weight 
of  ice  at  0°.  At  the  end  of  half  an  hour  the  temperature  of  the  water  had 
risen  4°,  that  of  the  ice  being  unchanged,  and  it  was  loj  hours  before  the 
ice  had  mehed  and  attained  the  same  temperature.  Now  the  temperature 
of  the  room  remained  constant,  and  it  must  be  concluded  that  both  vessels 
received  the  same  amount  of  heat  in  the  same  time.  Hence  21  times  as 
much  heat  was  required  to  melt  the  ice  and  raise  it  to  4°  as  was  sufficient  to 
raise  the  same  weight  of  water  through  4°.  So  that  the  total  quantity  of 
heat  imparted  to  the  ice  was  21  x  4  =  84  ;  and  as  only  4  of  this  was  used  in 
raising  the  temperature,  the  remainder,  80,  was  used  in  simply  melting  the 
ice. 

He  also  determined  the  latent  heat  by  immersing  119  parts  of  ice  at  o® 
in  135  parts  of  water  at  877"  C.  He  thus  obtained  254  parts  of  water  at 
n^"^  C.  Taking  into  account  the  heat  received  by  the  vessel  in  which 
the  liquid  was  placed,  he  obtained  the  number  79*44  as  the  latent  heat  of 
liquefaction  of  ice. 

We  may  thus  say 

Water  at  0°  =  Ice  at  0°  +  latent  heat  of  liquefaction. 

The  method  which  Black  adopted  is  essentially  that  which  is  now  used 
for  the  determination  of  latent  heats  of  liquids  :  it  consists  in  placing  the 
substance  under  examination  at  a  known  temperature  in  the  water  (or  other 
liquid)  of  a  calorimeter,  the  temperature  of  which  is  sufficient  to  melt  the 
substance  if  it  is  solid,  and  to  solidify  it  if  liquid  ;  and  when  uniformity  of 
temperature  is  established  in  the  calorimeter,  this  temperature  is  determined. 
Thus,  to  take  a  simple  case,  suppose  it  is  required  to  determine  the  latent 
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heat  of  the  liquidity  of  ice.  Let  M  be  a  certain  weight  of  ice  at  zero,  and  m 
a  weight  of  water  at  /°  sufficient  to  melt  the  ice.  The  ice  is  immersed  in 
the  water,  and  as  soon  as  it  has  melted  the  final  temperature  ^  is  noted. 
The  water,  in  cooling  from  t^  to  ^,  has  parted  with  a  quantity  of  heat, 
m  {t^i).  If  ;r  be  the  latent  heat  of  the  ice,  it  absorbs,  in  liquefying,  a 
quantity  of  heat,  Mr ;  but,  besides  this,  the  water  which  it  forms  has  risen 
to  the  temperature  ^,  and  to  do  so  has  required  a  quantity  of  heat,  repre- 
sented by  M^.    We  thus  get  the  equation 

from  which  the  value  of  x  is  deduced. 

By  this  method  Desains  and  De  la  Provostaye  found  that  the  latent  heat 
of  the  liquefaction  of  ice  is  79*25  ;  that  is,  a  pound  of  ice,  in  liquefying, 
absorbs  the  quantity  of  heat  which  would  be  necessary  to  raise  79*25  pounds 
of  water  i^,  or,  what  is  the  same  thing,  one  pound  of  water  from  zero  to 

79-2  5**  (wV^  450- 

This  method  is  thus  essentially  that  of  the  method  of  mixtures  ;  the  same 

apparatus  may  be  used,  and  the  same  precautions  are  required,  in  the  two 
cases.    In  determining  the  latent  heat  of  liquefaction  of  most  solids,  the  differ- 
ent specific  heats  of  the  substance  in  the  solid  and  in  the  liquid  state  require 
to  be  taken  into  account.     In  such  a  case,  let  m  be  the  weight  of  the  water 
in  the  calorimeter  (the  water  equivalents  of  the  calorimeter  and  thermometer 
supposed  to  be  included) ;  M  the  weight  of  the  substance  worked  with  ;  /  the 
original  and  B  the  final  temperature  of  the  calorimeter ;  T  the  original  tem- 
perature of  the  substance  ;  C  its  melting  (or  freezing)  point ;  C  the  specific 
heat  of  the  substance  in  the  solid  state  between  the  temperature  C  and  B  ;  c 
its  specific  heat  in  the  liquid  state  between  the  temperatures  T  and  C  ;  and 
let  L  be  the  latent  heat  sought. 

If  the  experiment  be  made  on  a  melted  substance  which  gives  out  heat 
to  the  calorimeter  and  is  thereby  solidified  (it  is  taken  for  granted  that  a 
body  gives  out  as  much  heat  in  solidifying  as  it  absorbs  in  liquefying),  it  is 
plain  that  the  quantity  of  heat  absorbed  by  the  calorimeter,  m(B  —  t),  is  made 
up  of  three  parts  :  first,  the  heat  lost  by  the  substance  in  cooling  from  its 
original  temperature  T  to  the  solidifying  point  C  ;  secondly,  the  heat  given 
out  in  solidification,  L ;  and,  thirdly,  the  heat  it  loses  in  sinking  from  its 
solidifying  point  C,   to  the   temperature  of  the   water  of  the    calorimeter. 

"^^is:  "T(d-/)  =  Mr  (T-.C)(:+L  +  (C-^yC  1 


/// 


*hence. 


L-^(-^"/)-(T-C)^-(C-d)C. 


The  following   numbers  have   been   obtained   for   the  latent   heats   of 
fiision :— 


Water 

.     79-24 

Cadmium 

.     13-66 

Nitrate  of  Sodium 

.    62-97 

Bismuth 

.     12-64 

„        „  Potassium 

.     47'37 

Sulphur 

•       9*37 

Zinc   .... 

.     28-13 

Lead 

•       5*37 

Platinum    . 

.     27-18 

Phosphorus  . 

•       503 

Silver 

2 1  *o7 

D'Arcet's  alloy 

4-50 

Tin     .... 

.     1425 

Mercury 

.       2-83 

406 


OxHtat. 


These  numbers  represent  the  number  of  d^iMs  dmn^  wUck  ■  poal 
f  water  wrnild  be  raited  b}-  z  poood  oT  the  bodr  in  qnesooa  in  [■iiiif 

from  the  liqibd  to  ibe  solid  ttaoc;  or. 

what  is  the  same  tUng.  the  ntanbcr  d 
"V"     l^i^  pounds  of  waier  that  woold  be  labed 

JC^   ^^^^  I  i"  C.  by  one  of  ibc  bodies  in  Mibdi' 

"'"  ""  ft-ing. 

On  modern  Tiewv  the  beat  ex- 
pended in  melting  i 
moving  the  atoms  intc 
the  work,  or  its  cqnirakiii  i 
required  for  this,  the  potential  energy 
they  thus  acquire,  is  strictly  compar- 
able to  the  expendimie  of  work  in  the 
process  of  raising  a  weight.  Wbcn 
the  liquid  solidifies,  it  re[»odnces  the 
Pij  j,j.  heal    which  had    been  expended  in 

liquefying  the  solid :  just  as  when  a 
stone  falls  it  produces  by  its  impact  against  the  ground  the  heat,  the  equiva- 
lent nf  which  in  work  had  been  expended  in  raising  ii,  and  a  similar 
explanation  applies  [o  [he  latent  heat  of  gasification. 

4,(ii.  SetennlnMloa  of  tta«  Istaat  bekt  of  Tapou*. — Liquids,  as  we 
have  seen,  in  pasBing  inif>  ihc  state  of  vapour,  absorb  a  veiy  considerable 
iguanlily  of  heat,  which  is  termed  latent  heat  of  vaporisation.  In  deter- 
mining the  heal  absorbed  in  liquids,  it  is  assumed  that  a  vapour,  in  liquef)'- 
in){,  t;ives  nut  as  much  heat  as  li  had  absorbed  in  becoming  con\-ened  into 

The  method  cniplxyed  is  essentially  the  same  as  that  for  determining 
the  specific  heal  of  gases.  Fig.  378  represents  the  apparatus  used  by 
Desprct;.  The  vapour  is  produced  in  a  retort,  C,  where  its  temperature  is  in- 
dicaieil  'ly  a  thermometer.  It  passes  into  a  worm  SS  immersed  in  cold  water, 
where  it  'condenses,  imparting  its  latent  heat  to  the  condensing  water  in  the 
vessel  II.  The  condensed  vapour  is  collected  in  a  vessel.  A,  and  its  weight 
represents  the  quantity  of  vapour  which  has  passed  through  the  worm.  The 
thermoniettrs  in  B  give  the  chiinge  of  temperature. 

Let  M  be  the  weight  of  the  condensed  vapour,  T  its  temperature  <m 
entering  ihc  worm,  whicli  is  that  of  its  boiling  point,  and  x  the  latent  heat  of 
va)K)risrition.  Similarly,  let  m  be  the  weight  of  the  condensing  water  (com- 
prising the  weight  of  the  vessel  H  and  of  the  worm  SS  reduced  in  water),  let 
t^  |]c  the  temperature  of  the  vi'ater  al  the  beginning,  and  tf°  its  temperature 
at  the  end  of  the  experimeni. 

It  is  to  be  observed  thai,  at  the  commencement  of  the  experiment,  the 
condensed  vapour  passes  out  at  the  temperature  /°,  while  at  the  conclusion 
its  tcmjierature  is  6" ;  we  may,  however,  assume  that  its  mean  temperature 


during  the  cxpcriincnt 


.,   {1^6) 


The  vapour  M  after  condensation  has 


therefore  parted  with  a  quantity  of  heat  M  ( T  — t^  c,  while  the  heat 
disengaged  in  liquefaction  is  represented  by  M;i-.    The  quantity  of  heat 
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absorbed  by  the  cold  water,  the  worm,  and  the  vessel  is  mifi^^t).    Therefore, 

from  which  x  is  obtained.     Despretz  found  that  the  latent  heat  of  aqueous 
vapour  at  loc^  is  540  ;  that  is,  a  pound  of  water  at  100'' absorbs  in  vaporising 
as  much  heat  as  would  raise  540  pounds  of  water  through  i^     Regnault 
found  the  number  537,  and  Favre  and  Silbermann  538-8. 
As  in  the  case  of  the  latent  heat  of  water  we  may  say. 

Steam  at  100®  «  Water  at  100°  -i-  latent  heat  of  gasification. 

In  the  conversion  of  a  body  from  the  liquid  into  the  gaseous  state,  as  in 
the  analogous  process  of  fusion,  one  part  of  the  heat  is  used  in  increasing 
tlje  temperature  and  another  in  internal  work.  For  vaporisation,  the 
greater  portion  is  consumed  in  the  internal  work  of  overcoming  the 
reciprocal  attraction  of  the  particles  of  liquid,  and  in  removing  them  to 
the  far  greater  distances  apart  in  which  they  exist  in  the  gaseous  state.  In 
addition  to  this  there  is  the  external  work — namely,  that  required  to  over- 
come the  external  pressure,  usually  that  of  the  atmosphere  :  and  as  the  in- 
crease of  volume  in  vaporisation  is  considerable,  this  pressure  has  to  be 
raised  through  a  greater  space.  Vaporisation  may  take  place  without 
having  external  work  to  perform,  as  when  it  is  effected  in  vacuo  ;  but 
whether  the  evaporation  is  under  a  high  or  under  a  low  pressure,  on  the 
surface  of  a  liquid  or  in  the  interior,  there  is  always  a  g^eat  consumption  of 
heat  in  internal  work. 

463.  VaTre  and  Silbermano's  Calorimeter. — The  apparatus  (fig.  379), 
furnishes  a  very  delicate  means  of  determining  the  calorific  capacity  of 
liquids,  latent  heats  of  evaporation,  and  the  heat  disengaged  in  chemical 
actions. 

The  principal  part  is  a  spherical  iron  reservoir,  A,  full  of  mercury,  of 
which  it  holds  about  50  pounds,  and  represents,  therefore,  a  volume  of  more 
than  half  a  gallon.  On  the  left  there  are  two  tubulures,  H,  in  which  are 
fitted  two  sheet-iron  tubes  or  muffles^  projecting  into  the  interior  of  the  bulb. 
Each  can  be  fitted  with  a  glass  tube  for  containing  the  substance  experi- 
mented upon.  In  most  cases  one  muffle  and  one  glass  tube  are  enough  ; 
the  two  are  used  when  it  is  desired  to  compare  the  quantities  of  heat  pro- 
duced in  two  different  operations.  In  a  third  vertical  tubulure,  C,  there  is 
;dso  a  muffle,  which  can  be  used  for  determining  calorific  capacities  by 
Regnault's  method  (455),  in  which  case  it  is  placed  beneath  the  r  of  fig.  376. 

The  tubulure  d  contains  a  steel  piston  ;  a  rod,  turned  by  a  handle,  ;//, 
and  which  is  provided  with  a  screw  thread,  transmits  a  vertical  motion  to 
the  piston  ;  but,  by  a  peculiar  mechanism,  gives  it  no  rotatory  motion.  In 
the  last  tubulure  is  a  glass  bulb,  a,  in  which  is  a  long  capillary  glass  tube,  bo^ 
divided  into  parts  of  equal  capacity. 

It  will  be  seen  from  this  description  that  the  mercury  calorimeter  is 
essentially  a  thermometer  with  a  very  large  bulb  and  a  capillary  stem  :  it 
is  therefore  extremely  delicate.  It  differs,  however,  from  a  thermometer  in 
the  fact  that  the  divisions  do  not  indicate  the  temperature  of  the  mercury 
in  the  bulb,  but  the  number  of  thermal  units  imparted  to  it  by  the  substances 
placed  in  the  mutfle. 
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This  graduation  is  effected  as  follows  ; — By  working  the  piston  the  - 
mercury  can  be  made  to  stop  at  any  point  of  the  tube,  bo^  at  which  it  a-^ 


desired  the  graduation  should 
tube  3  sma.II  quantity  of  mercury, 


vhich  i 


Having  then  placed  in  the  iron 
s  not  afterwards  changed,  a  thin 
glass  tube,  e,  is  inserted, 
which  is  kept  fixed  againsi 
Ihe  buoyancy  of  the  mer- 
cury by  a  small  wedge 
not  represented  in  the 
figure.  The  tube  being 
thus  adjusted,  the  point 
of  a  bulb  tube  (see  fig. 
380)  is  introduced  con- 
taining water,  which  is 
raised  to  the  boiling 
point  :  turning  the  posi- 
tion of  the  pipette,  then, 
as  represented  in  n',  a 
quantity  of  the  liquid  flows 
■  ■«■  -'■"  into  the  test  tube. 

The  heat  which  is  thus  imparled  lo  the  mercury  makes  it  expand ;  the 
column  of  mercury  in  bo  is  lengthened  by  a  number  of  divisions,  whictjj- 
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shall  call  n.  If  the  water  poured  into  the  test  glass  be  weighed,  and  if  its 
temperature  be  taken  when  the  column  bo  is  stationary,  the  product  of  the 
^Hreight  of  the  water  into  the  number  of  degrees  through  which  it  has  fallen 
indicates  the  number  of  thermal  units  which  the  water  gives  up  to  the  entire 
apparatus  (447).  Dividing,  by  n^  this  number  of  thermal  units,  the  quotient 
^ves  the  number,  a^  of  thermal  units  corresponding  to  a  single  division  of 
the  tube  ho. 

In  determining  the  specific  heat  of  liquids,  a  given  weight,  M,  of  the 
liquid  in  question  is  raised  to  the  temperature  T,  and  is  poured  into  the  tube 
C.  Calling  the  specific  heat  of  the  liquid  ^,  its  final  temperature  d,  and  n 
the  number  of  divisions  by  which  the  mercurial  column  bo  has  advanced, 
we  have 

M^(T-d)-  «df,  from  which  c^     J!^       . 

The  boards  represented  round  the  apparatus  are  hinged  so  as  to  form 
a  box,  which  is  lined  with  eiderdown  or  wadding  to  prevent  any  loss  of  heat. 
It  is  closed  at  the  top  by  a  board,  which  is  provided  with  a  suitable  case, 
also  lined,  which  fits  over  the  tubulures  d  and  a,  A  small  magnifying  glass 
which  slides  along  the  latter  enables  the  divisions  on  the  scale  to  be  read  off. 
464.  MEmMapimmm — I.  What  weight  of  ice  at  zero  must  be  mixed  with  9 
pounds  of  water  at  20^  in  order  to  cool  it  to  5°  ? 

Let  M  be  the  weight  of  ice  necessary  ;  in  passing  from  the  state  of  ice 
to  that  of  water  at  zero,  it  will  absorb  80M  thermal  units  ;  and  in  order  to 
raise  it  from  zero  to  5°,  5M  thermal  units  will  be  needed.  Hence  the  total 
heat  which  it  absorbs  is  80M  +  5M  =  85M.  On  the  other  hand,  the  heat 
given  up  by  the  water  in  cooling  from  20°  to  5°  is  9  x  (20-5)  -  135.  Con- 
sequently, 

85M  =  135  ;  from  which  M  «  1*588  pounds. 

II.  What  weight  of  steam  at  100°  is  necessary  to  raise  the  temperature 
of  208  pounds  of  water  from  14°  to  32°  ? 

Let  /  be  the  weight  of  the  steam.  The  latent  heat  of  steam  is  540°,  and 
consequently/  pounds  of  steam  in  condensing  into  water  give  up  a  quantity 
of  heat,  540/,  and  form  p  pounds  of  water  at  100*'.  But  the  temperature 
of  the  mixture  is  32°,  and  therefore  p  gives  up  a  further  quantity  of  heat 
A '00- 32) -68/,  for  in  this  case  c  is  unity.  The  208  pounds  of  water  in 
being  heated  from  14®  to  32®  absorb  208(32  -  14)  »  3744  units.     Therefore 

$4cp  +  68/  -  3744  ;  from  which  /  «  6*  1 58  pounds. 


T 
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CHAPTER   X. 

STEAM   ENGINES. 

465.  Steam  eogrliies. — Steam  engines  are  machines  by  which  hear 
energy,  obtained  by  the  combustion  of  some  fuel,  is  turned  into  mechanical 
work,  aqueous  vapour  being  used  as  a  working  fluid  for  effecting  the  trans- 
formation. In  all  but  a  few  very  exceptional  cases  the  mechanical  means 
used  for  the  transformation  of  the  one  form  of  energy  into  the  other  are  as 
follows  :— the  heat  of  combustion  is  as  far  as  possible  imparted  to  water  in  a 
closed  vessel  called  a  boiler^  the  water  is  thereby  converted  into  steam, 
occupying  an  enormously  greater  volume,  and  this  steam  is  allowed  to  pass 
from  the  boiler  as  fast  as  it  is  formed,  and  to  act  alternately  on  the  two  sides 
of  a  movable  piston  working  backwards  and  fon\'ards  in  a  cylinder.  As  soon 
as  the  piston  has  been  pushed  to  either  end  of  the  cylinder  by  the  incoming 
steam  acting  on  one  side  of  it,  the  communication  between  that  side  and  the 
boiler  is  shut  off,  and  another  communication  opened  either  to  a  condenser 
or  to  the  atmosphere.  In  either  case  the  steam  rushes  out  of  the  cylinder 
and  the  pressure  against  the  piston  falls,  so  that  it  can  be  pushed  back  by 
fresh  steam  from  the  boiler  acting  on  its  opposite  side.  If  the  purpose  of 
the  engine  is  merely  to  work  pumps,  or  any  other  apparatus  requiring  only  a 
reciprocating  motion,  a  rod  from  the  piston  can  be  connected  directly,  or 
through  a  lever,  to  the  pump  to  be  worked.  If  however,  as  in  a  majority  of 
cases,  the  engine  has  to  drive  something  having  a  rotary  motion,  a  simple 
mechanism  is  used  to  change  the  reciprocating  motion  of  the  piston  into  the 
rotation  of  a  crank.  In  this  change  itself  there  is  no  loss  of  work  or  energy 
(471),  the  work  of  the  steam  on  the  piston  being  exactly  equal  to  the  work 
done  at  the  rotating  crank  pin,  minus  only  the  lost  work  spent  in  overcoming 
the  friction  of  the  joints  of  the  mechanism. 

We  shall  first  consider  the  boiler,  or  apparatus  for  generating  steam,  and 
then  the  engine  itself. 

466.  Steam  boiler. — Figs.  381  and  382  show  one  of  the  forms  of  boiler 
most  commonly  used  in  this  country  for  supplying  steam  to  stationar>'  engines. 
This  type  of  boiler  is  called  Cornish^  having  been  first  used  for  the  pumping 
engines  in  Cornwall.  Fig.  381  shows  a  longitudinal  section  of  the  boiler  and 
the  brick  flues  in  which  it  is  set,  and  fig.  382  shows  on  the  left  a  half  front 
view  of  the  boiler  and  on  the  right  a  half  cross  section.  The  boiler  consists 
of  an  outer  cylindrical  shell  A  of  wrought  iron  or  steel  plates  riveted  together, 
and  a  smaller  internal  flue  or  furnace  H.  The  latter  is  open  at  both  ends, 
and  is  crossed  by  a  series  of  vertical  tubes  C  called  Gallcnuay  tubes,  which 
allow  the  water  to  circulate  from  the  lower  to  the  upper  part  of  the  boiler. 
The  fire  is  placed  on  a  grate  D  in  the  front  part  of  the  flue  and  ending 


in  a  firebrick  iridge  over  which  the  gases  have  to  pass.     These  hot  gasea  ' 

find  iheir  way  pasi  ihe  tubes  to  the  back  of  the  boiler  and  ihen  ; 

peHed  to  diverge  sideways  and  return  by  the  side  fiues  K  to  nearly  the  front    ' 

of  the  shell  where  the  flues   are  diverted  downwards,  as  shown  in 

and  thcDce  ihcy  return  by  the  lower  flue  L  li>  the  chimney   M.     By  thus 


Fig.  38.. 

encircling  the  boiler  whh  flues  it  is  endeavoured  to  get  all  the  heat  possible 
froit)  ihe  gases  before  they  are  allowed  to  pass  away  up  the  chimney.  The  ' 
prtncipal  fiuingi  or  uiountiugs  of  the  boiler  are  indicated  in  the  figures  I 
ifil  »re  as  follows  :  G  is  a  dome  on  which  stands  the  slop  valve  N  through  | 
"hich  the  steam  is  carried  to  the  engine.  The  object  of  the  dome  is  to  takc-j 
the  Jteam  from  a  point  as  far  away  from  the 

5  to  dry  it.     P  is  a 

on  its  seat  by  the 
3  adjusted 


iajttj  vaivf,   held  down 

*f'on  of  a  weighted  lever,  and  s 

^  as  sonn  as  the  pressure  of  sie 

W  intended  maximum  and  lends  to  rise  be- 

f'A  ii,  ihc  valve  ia  lifted  and  the  steam  rushes 

**»y  into  the  air.     Q  is  a  manhole  door  by 

which  access  is  had  to  interior  of  the  boiler, 

•itii  it  is  empty  and  out  of  use,  for  cleaning 

^iiiirepatr.   Ris  a  pressure  gauge  or  indicator, 

""idiny  in  front  of  Ihe  shell,  showing,  by  a 

li»Dd  working   in  front   of  a   dial   plate,  the 

'  iwiler  pressure '  or  amount  which  the  pressure 

uf  Jteam  inside  Ihe  boiler  exceeds  that  of  the 

*'%isphere  surrounding  it.    S  is  a  water  giiuge,  a 

"'opiind  bottom  to  the  boiler,  its  upper  end  to  the 

W""  end  to  the  water  space.     The  water  stands 

the  unic  level  as  in   the  boiler,   and  the    flreman 

whether  il  is  at  the  right  height.     This  in.illeris  ofgi 

in  ucident.il  fall  of  water  level  is  a  frequeni 

fot  iniUnce,  the  water  fell  so  low  as  to  1 


Fin.  38'. 


gias 


mtcovcrcd,  the  plates  would  get  red  hot  and  soften  si 


tube  connected 

I  space,  and  the 

n  the  glass  tube  at 

in  see  at  a  glance 

importance,  because 

of  boiler  explosions.     If, 

the  lop  of  the  furnace  B 


o  collapse  J 
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under  the  action  of  the  steam  pressure,  with  consequences  that  might  be 
most  serious. 

In  matine  boilers,  when  it  is  of  the  greatest  importance  to  get  as  much 
beating  surface  as  possible  into  a  small  space,  and  similarly  in  the  loco- 
motive boiler  lo  be  presently  descritfed,  the  hot  gases  after  leaving  the 
furnace  are  made  to  pass  through  a  number  of  small  tubes  instead  of  one 
large  one  as  in  tig.  381.     Such  boilers  are  called  multitubalar  boilers. 

or  late  years  the  shells  of  large  boilers  have  frequently  been  made  of 
'  mild  steel '  produced  by  the  Bessemer  or  Siemens-Manin  processes  rather 
than  of  wrought  iron.  In  locomotive  boilers,  where  the  combustion  is  verj- 
rapid  and  intense,  the  fire-bsxes  arc  frequently  made  of  copper,  a  much 
better  conductor  of  heat  than  either  iron  or  steel. 

467.  Onralab  anilna. — Fig.  383  shews  the  oldest  of  all  the  types  of 
engines  still  in  use,  the  Cornish  pumping  emgine,  which  is  worth  examina- 
tion both  for  its  historical  interest  and  on  .account  of  the  special  way  in 
which  it  works.  (In  the  ligure  all  details  except  those  absolutely  necessary 
to  illustrate  the  action  of  the  engine  are  omitted.)    The  engine  has  a  verti- 


cal c)'linder  A  (often  of  verj'  pteat  size,  and  with  as  much  as  10  or  11  ft. 
strtike).  in  which  works  a  piston  F,  whose  rod  is  connected  by  a  chain  to  a 
sector  on  the  end  of  a  beam  It.  Beside  the  cylinder  is  a  chamber  C  con- 
taining the  i-alves  for  admitting  and  discharging  steam,  whose  mode  of 
working  will  be  presently  described.    At  the  further  end  of  the  beam  a 
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lecond  sector  is  connected  with  the  pump-rod,  at  the  upper  end  of  which  is 
>laced  a  heavy  counterweight  Q.  Below  the  cylinder  a  pipe  M  leads  to  a 
rhamber  N  called,  the  condenses,  into  which  a.  jet  of  water  from  the  tank  in 
which  it  stands*  continually  plays.  The  condenser  in  its  turn  is  connected 
nrith  a  pump  called  an  air-pump^  worked  from,  the  beam  by  the  rod  £,  and 
itted  with  suction- and  discharge  valves^. and  valves  in  its  piston  in  the  usual 
nray. 

We  can.  fellow  the  working  of  the  engine  easily  by  supposing  the  piston 
to  start  at  the  top  of  its  stvoke.     The  valves^are  then  in  the  position  shown, 
m  open,  n  and  o  closed.     Steam  passes  from  the  boiler  through  the  pipe  T 
to  the  top  of  the  piston,  and  forces  it  down  against  the  small  pressure  of  the 
steam  below  it,  this  steam  escaping  into  the  condenser  through  the  valve  o 
and  the  pipe  M.     The  pump-rods  or  pit  work^  and  the  weight  Q,  are  thus 
lifted  to  the  top  of  their  stroke.    When.  the.  piston  arrives  at  the  bottom  of 
its  stroke  the  valves  m  and  o  are  shut  and  n  is  opened.     This  allows  free 
communication,  between  the  two  sides  of  the  piston,  and  so  puts  it  into 
equilibrimn.     The  counter-weight  Q,  together  with  the  pump-rods,  is  made 
somewhat  heavier  than  the  piston  and  rod  plus  the  whole  weight  of  the 
column  of  water  to  be  lifted.     It  therefore  falls  slowly  (the  whole  affair  thus 
becoming  an  Attwood's  machine  (77)  on.  an  enormous  scale),  and  forces 
up  the  water  through  the  pumps.    As.  soon,  as  the  piston  has  once  more 
got  to  the  top  of  its  stroke,  by  which  time,  of  course  all  the  steam  has  been 
tnmsferred  to  its  under  side,  the  position  of  the  valves  is  again  reversed, 
^d  the  piston  once  more  begins  to  fall.     The  steam  below  the  piston  is 
suddenly  put  into  communication  with  the  condenser  N,  into  which  a  jet  of 
cold  water  is   always  playing.      It   is  therefore  reduced  m  temperature 
^Iniost  instantaneously,  much  of  it  is  condensed  into  water,  and  the  rest, 
*hich  still  fills  the  space  below  the  piston,  is  necessarily  reduced  to  a 
pressure  o5  only,  about  3  pounds  per  square  inch  oc  about  \  of  an  atmosphere. 
As  the  pressure  of  the  steam  coming,  direct  from,  the  boiler  in  such  engines 
^s  often  50  pounds  per  sq.  inch  above  that  of  the  atmosphere,  it  follows 
^hat  the  difference  of  pressure  on  tlie  two  sides  of  the  piston  in  such  a 
*^^,  is  50  +  1 5  —  3  «  62  pounds  per  square  inch,  and  it  is  this  difference  of 
pressure  which  compels  the  piston  to  move  downwards  and  lift  all  the 
weight  at  the  other  end  of  the  beam.     The  condensed  steam  and  the  con- 
densing water  fall    together  at  the  bottom  ol    the  condenser,  and  are 
^continually  removed  (along  with  the  uncondensed  steam  and  any  air  that 
(^y  be  present)  by  the  a/'r^i/w^,. which  is  a-simple.lift  pump  with  a  valve 
in  its  piston  (216). 

in  all  modern  Cornish  engines;  the.  beams  ace  of  iron  and  the  sector 

Md  chains  are  replaced  by  an.  arrangement  of  iron  links  forming  a  parallel 

nioiwn  which  it  is  not  necessary  here  to  describe.     The  simple  arrangement 

for  working  the  valves,  shown  in  outline  in  the  figure,  is  also  replaced  by 

a  much  more  complicated  apparatus  in  which,  by  means  of  cataracts^  any 

required  length  of  pause  can  be  made  between  the  strokes  of  the  engine,  a 

niatter  which  is  sometimes  of  importance  in  heavy  pumping  work.     It  will 

he  noticed  that  by  the  peculiar  single-acting  method  of  working  adopted  in 

the  Cornish  engine,  the  velocity  of  the  down  stroke  (also  called  the  steam 

stroke^  or  the  indoor  stroke)  depends — other  things  being  equal — upon  the 
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steam  pressure,  but  the  velocity  of  the  up  stroke  {equilibrium 
stroke)  depends  solely  on  the  over-plus  weig-ht  put  on  (he  outer  end  of  th( 
beam.  In  this  way  a  slaw  and  quiet  upward  motion  can  be  given  to  thi 
water,  no  matter  how  quickly  the  steam  may  move  the  piston. 

468.  Ordinary  horlacntal  endna. — The  engines  now  most  largely 
in  factories  for  driving  machinery  differ  altogether  in  their  action  from  thi 
Cornish  engine.  In  them  the  cylinder  is  generally  horizontal,  and  thecranl 
is  driven  through  a  connecting  rod  only,  without  the  intervention  of  an; 
beam.    Such  an  engine  is  shown  in  fig.  384.     Here  A  is  the  steam  cylicder,  I 


the  valve  chest,  or  chamber  in  which  works  the  %'alve  whose  mode  of  action 
is  described  in  the  next  article.  D  is  the  main  shaft,  on  the  inner  end  of 
which  is  the  crank  driven  by  the  connecting  rod  E.  C  is  an  eceentrie  (fig. 
386),  which  works  the  valve  by  the  rod  N.  F  is  a  governor  controlling 
the  admission  of  ste.-im  to  the  cylinder  by  the  valve  H.  M  is  the  bedplatt 
or  frame  of  the  engine,  and  L  the  flywheel. 

A  few  words  are  necessary  about  the  governor.  This  apparatus,  an 
invention  of  James  Watt's,  consists  of  two  weighted  arms  hinged  at  the  top, 
which  fly  outward  when  the  speed  of  rotation  is  increased  and  drop  together 
when  it  is  reduced.  The  outward  or  inward  motion  of  the  arms  is  caused 
by  a  simple  arrangement  to  turn  the  spindle  G  and  so  to  close  or  open  the 
valve  H,  which  admits  steam  through  K  to  the  cylinder.  In  this  way  the 
engine  automatically  controls  its  own  speed  (471). 

469  SlatrlDnUon  of  tb«  •teftm.  Bllde  valTM— Figs.  38;  and  386 
show  details  as  to  the  working  of  the  valve  and  the  distribution  of  the  steam 
in  the  engine  just  described.  The  former  is  a  longitudinal  section  of  the 
cylinder  shown  in  fig.  384.  A  is  the  cylinder  itself,  B  the  piston,  C  the 
piston-rod,  D  the  stuffing-box  through  which  the  piston  passes  steam- 
light.  It  will  be  seen  that  a  port  or  passage  L  communicates  between  each 
end  of  the  cylinder  and  the  surface  on  which  the  valve  works,  or  vali'e/aee. 
On  this  face,  and  between  the  two  steam  ports,  comes  a  third  port  M, 
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CTummimicating  direclly  with  the  almosphere  or  wilh  a  condenser  as  ihe 
case  may  be.  The  valve  Ci  is  shaped  in  section  something  like  an  irregular 
tJ.  and  is  often  called  a  '  D '  valve  in  conseqtience.  It  is  moved  continu- 
ously backwards  and  forwards  upon  the  valve  face  by  the  valve  rnd  H- 
^working  in  the  stuffing  box  K.  When  in  the  position  shown  in  the  figure 
tli€  steam  enters  by  F,  and  passes  into  the  left-hand  end  of  the  cylinder 
I  <past  the  edge  of  the  valve)  and  pushes  the  piston  from  left  to  right.  The 
1  al  present  in  the  cylinder  (as  shown  by  the  arrows)  passes  out  at 
id  through  Ihe  under  part  of  the  valve  G  to  the  exhaust  port  M.    As 


I 


the  piston  moves  on,  the  valve  ai  first  moves  in  the  same  direction,  opening 
the  port  a  little  wider,  then  gradually  moves  back  again  and  closes  the 
Admission  port  altogether.  The  point  at  which  this  occurs  is  called  the 
point  of  ful  of.  No  more  steam  is  allowed  to  enter  the  cylinder  for  that 
stroke,  the  piston  being  pushed  forward  hy  the  pressure  of  the  elastic 
!leam  expanding  behind  it.  By  the  time  the  piston  has  got  to  the  end  of 
in  tmke,  the  position  of  the  valve  is  just  reversed  from  that  in  which  it  is 
ihown,  and  steam  passes  into  the  cylinder  through  the  right-hand  port, 
driving  the  piston  from  right  to  left,  while  the  steam  which  has  already  done 
iluty  in  the  left-hand  end  of  the  cylinder  passes  away,  in  its  turn,  through  the 
cthausL 

The  eccentric  from  which  the  valve  receives  its  motion  (lettered  C  in 
dg.  384)  is  shown  in  detail  in  (ig.  3S6.  Here  U  is  the  crank-shaft  and  A  a 
disc  (solid  or  ribbed)  fijicd  eccentrically  on  it  so  as  to  revolve  with  it.  En- 
rireling  this  disc  (which  is  the  tccentric)  is  a  strap  or  ring  B  (made  in  two 
pieces  for  the  sake  of  getting  on  and  olT)  rigidly  connected  with  a  rod  C, 
which  is  coupled  by  a  pin  to  the  valve-rod  E.  In  each  revolution  itf  the 
eccentric  the  valve-rod  is  moved  backwards  and  forwards  through  a  space 
M|ual  to  twice  the  eccentriciiy  of  the  eccentiic.  or  distance  between  the 
renires  of  t)  and  of  A.  The  eccentric  is  thus  equivalent  exactly  to  a  crank 
having  a  radius  equal  to  its  eccentricity.  It  is  used  instead  of  a  crank 
because  it  does  not  require  any  gap  to  be  left  in  the  shaft,  as  a  crank  would 
do,  but  allows  it  to  be  carried  continuously  on. 

In  locomotive  or  marine  engines  two  eccentrics  are  commonly  used,  one 
so  placed  as  to  give  the  valve  the  right  motion  when  the  shaft  rotates  in 
one  direction,  and  one  rightly  placed  for  the  other.  By  apparatus  called 
rrt'(ra''»CJ^"'eilheroneorlheothercanlic  caused  to  movelhe  valve,  so  that, 
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ihe  engine  can  be  made,  al  plea 


470.  XttoomotlTeB. — IjXBmolivi   engines,    or    simply   locomoli'i'es, 
:eam  engines  which,  mounted  on  a  carriage,  propel  ihtmselves  by  I 


L 


mining  iheir  motion  to  wheels.  The  whole  machine,  fig.  387.  boiler  and 
engine,  is  fixed  to  a  wroughl-iron  frame,  which,  therefore,  is  made  slrons 
enough  to  carry  the  whole  weight,  and  which  in  turn  tran 
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to  the  axle-boxes^  (or  bearings  in  which  the  axles  turn),  by  means  of  springs, 
and  thence  through  the  wheels  to  the  rails.  The  boiler  is  of  a  speciail  type, 
adopted  in  order  to  get  the  greatest  possible  heating  surfaceMn  a  very  limited 
space.  It  consists  of  three  parts— the y£r^-^^jr,  barrel^  and  smoke-box.  The 
fire-box,  in  the  left  of  the  engraving,  is  generally  a  more  or  less  rectangu- 
lar box,  with  a  flat  top,  placed  inside  a  second  box  of  somewhat  similar 
shape,  but  with  a  semi-cylindrical,  or,  as  m  the  figure,-  domed  top.  In  the 
inner  fire-box  are  the  fire  bars,  on*  which  the  fuel  is  placed  through  a  door  in 
front.  The  space  between  the  inner  and  outer  boxes  is  filled  with  water 
to  a  height  considerably  over  the  top  of  the  inner  one,  and  communicates 
freely  with  a  long  cylindrical  barrdy  closed  at  the  other  end  by  the  smoke-box. 
This  barrel,  which  forms  the*  n>min  bulk  of  the  boiler,  is  filled  with  water  to 
within  nine  or  ten  inches  of  its  upper  sids;  It  is  traversed  from  end  to  end 
by  a  great  number  of  small  tubes  (about  i^  inch  in  diameter)  which  commu- 
nicate with  the  inner  fire-box  at  the  one  end,  and  with  the  smoke-box  at  the 
other.  They,  therefore,  are  entirely  immersed'in  the  water  from  end  to  end. 
The  gases  of  combustion,  formed  im  the  inner  fire-box,  pass  through  these 
tubes  to  the  smoke-box,  and  thence  up  the  chimney,  and  impart  most  of  their 
heat  to  the  water  as  they  pass  along:  There  are  two  steam  cylinders,  one 
on  each  side  of  the*  frame,  each  one  with  its  piston  and  connecting  rod,  etc. 
being  simply  an  ordinary  high-pressure  horizontal  engine.  Their  exhaust 
steam  is  discharged  through  a  blast  pipe  into  a  nozzle  inside  the  chimney 
near  its  base,  and  this  serves  to  excite  the  fierce  dniught  which  is  required 
in  order  that  the  necessary  heat  may  be  developed  by  the  very  small 
furnace.  The  two  cylinders  worla.  cranks  at  right  angles  to  each  other,  so 
that  one  may  be  in  full  action  1  when/ the  other  is  at  its  dead  point 

A  locomotive  such  as  that  shown  in  the  figure  is  called  an  outside 
cylinder  engine,  on  account  of  the  position  of  its  cylinders.  In  England 
many  engines  have  cylinders  placed  inside  the  frames,  which  are  then  called 
inside  cylinder  locomoti\-es.  In •  express  engines  the  cylinders  frequently 
drive  only  one  very  large  pair  of  wheels,  as  is  shown  in  the  figure.  These 
are  called  driving  wheels^  thoso-on  the  front  axle  being  leading  wheels  and 
on  the  rear  axle  trailing  wheels.  In  the  case  of  goods  engines,  however  (as 
well  as  in  many  other  instances),  when  less  speed  but  a  greater  pull  is  re- 
quired, two  or  more  pairs  of  wheels  of  the  same  diameter  are  connected 
together  hy  coupling  r^//f,-so'that  two  or  more  axles  may  be  directly  or 
indirectly  actually  driven  by.  the  engine.  Such  engines  are  called  coupled 
engines. 

The  action  of  the  engine  upon  the  wheels  may  cause  them  either  to  slip 
round  on  the  rails  (in  which  case  the  engine  of  course  does  not  move 
onwards)  or  to  roll  on  them  in  the  usual  way.  To  prevent  slipping  occurring 
it  is  necessary  to  make  the  friction  between  the  wheels  and  the  rails  as 
great  as  possible.  This  is  done  by  making  as  large  a  proportion  of  the 
whole  weight  as  possible  rest  on  the  driving  or  the  coupled  wheels,  and  also 
— when  bad  weather  c«iuses  the  rails  to  be  greasy  or  otherwise  unusually 
slippery — by  increasing  th6  cocflficicnt  of  friction  (47)  between  the  wheels 
and  the  rails  by  pouring  sand  on  the  Litter.  All  locomotives  arc  furnished 
with  a  sand-box  for  this  purpose. 

The  steam  pressure  m  locomotives  is  greater  than  that  commonly  usc:l 
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in  any  other  engines,  being  often  120  to  130  lbs.  per  square  inch  above  the 
atmosphere.  In  marine  engines  70  to  80  lbs.  is  often  used,  in  stationary 
engines  seldom  quite  so  much. 

The  following  is  an  explanation  of  the  reference  letters  in  fig.  387  : — A, 
the  main  steam-pipe,  conveying  steam  to  the  cylinder  F,  in  which  works  a 
piston  P,  driving  the  crank  M  through  the  connecting  rod  K,  rrare  the 
piston-rod  guides,  V  the  stuffing>box.  The  exhaust  steam  is  discharged 
through  the  pipe  £.  (It  will  be  remembered  that  the  cylinder  and  all  this 
gear  are  duplicated  on  the  other  side  of  the  engine.)  D  Z  is  the  outer  fire- 
box and  X  the  barrel  of  the  boiler,  both  covered  with  felt  and  wood  or  sheet 
iron  to  prevent  loss  of  heat  by  radiation.  The  small  tubes  are  seen  at  a, 
Y  is  the  smoke-box,  and  Q  the  chimney  or  funnel.  T  T  are  the  springs 
which  transmit  the  weight  of  the  frame  to  the  axle-boxes.  Of  the  smaller 
details,  G  I  is  the  arrangement  for  closing  or  opening  the  steam-admission 
valve,  B^C  the  reversing  gear,  RR  feed  water  pipes,  N  coupling  rod  for 
attaching  tender  and  rest  of  train,  e  i  safety  valves,  g  whistle,  m  steps,  n 
water  gauge,  /  cocks  for  blowing  water  out  of  cylinders,  H  cock  for  blowing 
out  boiler  when  necessary. 

It  is  perhaps  hardly  necessary  to  explain  that  the  breaking  away  of  part 
of  the  fire-box,  cylinder,  etc.,  is  done  in  the  drawing  only  for  the  sake  of 
showing  clearly  the  internal  construction. 

471.  Varioas  kinds  of  steam  enirtne. — Three  types  of  steam  engine 
have  been  described  :  the  Cornish  engine,  the  ordinary  horizontal  engine, 
and  the  locomotives  engine.  Other  nought  to  be  mentioned,  although  they 
cannot  be  here  described  in  detail.  Compound  engines  are  those  in  which 
the  steam  is  first  used  in  the  ordinary  way  in  one  cylinder  and  then  trans- 
ferred— of  course  at  a  comparatively  low  pressure — to  another  cylinder  and 
used  in  it  before  being  sent  away  to  the  condenser.  This  type  is  practically 
universal  for  marine  purposes,  and  is  very  common  for  stationary  engines. 
Its  main  advantage  is  a  thermodynamic  one.  In  an  ordinary  engine  the 
cylinder  walls  are  exposed  alternately  to  the  hot  steam  from  the  boiler 
and  the  cool  vapour  passing  to  the  condenser.  The  latter  so  reduces  the 
temperature  of  the  iron,  that  when  the  first  rush  of  fresh  steam  comes  into 
the  cylinder,  much  of  it  is  immediately  condensed  on  the  cool  metal,  and  an 
enormous  quantity  of  heat  is  thereby  lost.  By  passing  the  steam  through 
an  intermediate,  or  loiv-pressure,  cylinder  on  its  way  to  the  condenser,  the 
sides  of  the  first  or  high-pressure  cylinder  are  never  exposed  to  condenser 
temperature,  but  only  to  that  of  the  steam  as  it  passes  to  the  low-pressure 
cylinder  :  they  therefore  are  not  so  much  cooled,  and  the  loss  of  steam  by 
condensation  on  them  is  very  much  reduced.  There  is  no  mechanical  gain, 
as  has  sometimes  been  stated,  in  the  use  of  two  cylinders  instead  of  one. 

Sometimes  the  cylinder  of  an  enj^ine  is  inclosed  in  a  second,  slightly 
larger,  cylinder,  and  fresh  steam  at  boiler  pressure  admitted  to  the  annular 
space  so  formed  outside  the  working  cylinder.  The  object  of  this  is  to 
reduce  still  further  the  condensation  in  the  cylinder  just  alluded  to.  Such 
an  engine  is  said  to  be  steam-jacketed. 

A  surface-condensing  cnj^ine  is  one  in  which  the  steam  is  condensed  by 
contact  with  the  surface  of  a  number  of  small  tubes  through  which  cold 
water  is  kept  continually  circulating  without  being  itself  actually  mixed  with 
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the  condensing  water.  By  this  arrangement  the  condensed  steanr  is  kept 
by  itstelf^  and  being  distilled  water  it  can  be  used  very  advantageously  to  feed 
the  boiler  again.  Compound  marine  engines  are  almost  invariably  surface- 
condensing.  In  this  case  the  air  pump  only  takes  away  the  condensed 
steam,  a  separate  pump,  called  a  circulating  pump,  being  used  to  force  the 
condensing  water  through  the  tubes. 

Engines  without  any  condenser,  like  that  shown  in  fig.  384,  in  which  the 
steam  is  exhausted  directly  into  the  atmosphere  after  it  has  done  its  work, 
are  often  called  high-pressure  engines,  but  high  pressures  (of  80  to  90  pounds 
per  square  inch)  are  now  frequently  used  in  condensing  engines,  so  that  the 
name  may  be  somewhat  misleading. 

In  such  an  engine  as  is  shown  in  fig.  384  we  have  seen  that  the  governor 
keeps  the  speed  constant,  by  closing  or  opening  an  exterior  valve  through 
which  the  steam  passes  on  its  way  to  the  main  valve.  An  artificial  resist- 
ance is  in  this  way  opposed  to  the  passage  of  the  steam,  by  increasing 
which  the  pressure  can  be  reduced,  and  therefore  the  work  done  by  the 
steam,  so  that  the  engine  will  not  run  too  fast  if  the  resistance  to  its 
motion  be  diminished  (as  by  the  disconnecting  of  some  of  the  machines  it 
is  driving,  etc.).  The  actual  weight  of  steam  passing  into  the  cylinder  at 
each  stroke  remains  unchanged,  but  the  amount  of  useful  work  the  steam 
can  do  is  diminished  artificially  by  giving  it  some  useless  work  to  do  in 
addition,  in  forcing  its  way  through  a  constricted  passage.  This  is  now 
known  to  be  a  wasteful  way  of  controlling  speed.  In  modern  engines,  there- 
fore, the  governor  is  frequently  made  to  act  by  regulating  the  quantity  of 
steam  admitted  by  each  stroke,  and  thus  making  the  consumption  of  steam 
as  nearly  as  possible  proportional  to  the  work  done.  Engines  so  arranged, 
of  which  the  Corliss  engine  is  one  of  the  best-known  examples,  are  said  to 
be  fitted  with  automatic  cut-off  j^ear. 

There  is  a  popular  misconception,  that  somehow  or  other  work  is  lost  in 
an  engine  of  the  ordinary  type  between  the  piston  and  the  crank,  the  latter 
receiving  less  work  than  is  done  on  the  former  in  consequence  of  the  nature 
of  the  mechanism  connecting  them.  It  is  probably  unnecessary  to  point  out 
here  the  fallacy  of  this  notion,  but  it  has  received  sufficient  acceptance  to 
lead  to  the  invention  of  a  host  of  rotary  engines,  in  which  it  is  endeavoured 
to  obtain  the  desired  rotary  motion  in  a  somewhat  more  direct  fashion. 
Reuleaux  has  shown  that  in  almost  every  case  the  mechanisms  used  in  the 
rotary  engines  are  the  same  as  those  of  ordinary  engines,  although  dis- 
guised in  form,  so  that  the  idea  of  mechanical  advantage  is  doubly  a  mis- 
take, while  in  almost  every  case  the  rotary  engines  possess  such  grave 
mechanical  defects  that  none  of  them  have  practically  come  into  use. 

472.  ^ITork  of  an  enrine.  Bome-power. — The  unit  of  work  by  which 
the  performance  of  an  engine  is  measured  is  in  this  country  always  the  foot- 
pound. The  number  of  foot-pounds  of  work  done  by  the  engine  in  any 
given  time  is  equal  to  the  average  eflfective  pressure  upon  its  pision  during 
that  time,  multiplied  by  the  total  distance  through  which  the  piston  has 
moved  under  that  pressure.  Hy  a^'cragc  effective  pressure  is  meant  the 
average  value  of  the  difference  between  the  pressures  on  its  two  sides. 
Taking  the  time  as  one  minute,  this  quantity  of  work  in  foot-pounds  is  equal 
to;— 
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Area  of  piston  x  mean  intensity  of  pressure  on  piston  x  length  of  stroke 
K  number  of  strokes  per  minute. 

The  stroke  must  be  taken  in  feet.  If  the  Area  is  in  square  feet,  the 
pressure  must  be  in  pounds  per  square  foot ;  if  the  area  is  in  square  inches, 
the  pressure  must  be  in  pounds  per  square  inch.  If  the  strokes  are  4i&Mi 
strokes,  each  corresponding,  that  is,  to  one  whole  revolution  of  the  shaft,  the 
length  of  stroke  must  be  multiplied  by  2.  To  find,  for  example,  the  work 
done  in  one  minute  by  an  engine  with  cylinder  i6  inches'  diameter  and  24 
inches'  stroke,  making  50  (double)  strokes  per  minute  with  a  mean  pressure 
of  52  pounds  per  square  inch,  we  have 

(8'  X  3'i4i6)  X  52  X  \J^  ^  ^  J  X  50-2,091,000  ft. -lbs. 

The  rate  at  which  an  engine  does  work  is  often  measured  in  horse-power  of 
33,000  ft. -lbs.  per  minute,  an  arbitrary  unit  supposed  to  represent  the  maxi* 
mum  rate  at  which  work  could  actually  be  done  by  a  horse.     In  the  case 

2  OQI  000 

supposed  the  horse-power  would  be    '^^  *■ —  «  63*4. 

33>ooo 
On  the  Continent  the  unit  of  work  is  a  kilogrammetre,  which  is  very  closely 

equal  to  7J  ft. -lbs.     The  horse-power  used  abroad,  of  75  kilogrammetres  per 

second,  is  nearly  2  per  cent,  smaller  than  that  in  use  in  this  country. 

473.  Zndloator.    Brake. — By  the  expression  work  done  by  an  engine  we 

may  mean  either  of  two  things,  viz  : — the  total  work  done  by  the  engine,  or 
what  is  called  its  useful^  or  effective^  work.  The  total  work  is  the  actual  work 
done  by  the  steam  on  the  piston  and  obtained  by  calculation,  as  described 
in  the  last  paragraph.  The  useful  work  is  what  remains  of  this  total  after 
deduction  has  been  made  of  the  work  necessary  to  drive  the  engine  itself 
against  its  own  frictional  resistances.  The  total  work  of  an  engine  is  mea- 
sured by  means  of  an  apparatus  called  an  indicator^  invented  by  Watt,  of 
which  fig.  388  shows  one  of  the  most  recent  forms  (Richard's),  omitting  a 
number  of  constructional  details.  The  isteam  engine  indicator  consists  of  a 
small  cylinder  A,  half  a  square  inch  in  area,  in  which  works  a  piston  B,  the 
under  side  of  which  can  be  put  into  full  communication  with  the  cylinder 
of  the  engine  by  opening  the  cock  C.  Between  the  top  side  of  the  piston 
and  the  under  side  of  the  cylinder-cover  is  a  spiral  spring.  The  motion 
of  the  piston-rod  is  transferred  to  a  parallel  motion  DD,  and  so  causes  a 
point  E  to  move  in  a  straight  line  up  and  down,  its  stroke  being  about 
four  times  as  great  as  that  of  the  small  piston.  The  indicator  is  fixed  on  to 
the  cylinder  of  the  steam  engine  near  one  end,  so  that  when  the  cock  C  is 
opened,  there  is  the  same  pressure  of  steam  on  the  indicator  piston  as 
on  the  engine  piston.  This  pressure  forces  up  the  piston,  and  the  amount 
of  compression  of  the  spring  so  caused  is  proportionate  to  the  pressure 
causing  it.  The  upward  motion  of  E,  therefore,  is  proportional  to  the  steam 
pressure.  In  front  of  E  is  a  vertical  drum  F  on  which  a  strip  of  paper  can 
be  fixed,  and  this  drum  is  caused  to  reciprocate  about  its  axis  by  attaching 
the  cord  G  to  any  suitable  part  of  the  engine.  The  paper  thus  moves  hori- 
zontally under  the  pencil,  with  a  motion  proportional  to  the  stroke  of  the 
engine,  while  the  pencil  moves  up  and  down  on  the  paper  with  a  motion 
proportional  to  the  steam  pressure  on  the  piston.     The  two  motions  occurring 
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simulumeausly,  the  pencil  traces  on  the  paper  a  curve  whose  horiiontal  and 
vertical  ordinaies  are  proportional  to  the  two  quantities  just  named,  and 
whose  area  is  therefore  proportional  10  the  product  o(  these  quantities,  or. 
uliich  is  the  same  thing,  to  the  work  done  by  the  piston  as  defined  in  tl 


. 
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'mi  paragraph.  The  curve  is  called  an  indicator  card,  or  indicaior  diagram, 
»nd  while  its  whole  arta  shows  the  whole  work  done  by  the  sicam,  \Kform 
iluws  the  engineer  what  is  happening  within  the  cylinder  at  each  point  of 
dte  stroke,  which  he  may  often  require  to  know. 

Figs.  389  and  390  show  two  forms  of  indicator  diagram.  The  curves 
themselves,  as  drawn  by  the  indicators,  are  lettered  A  li  C 13.  Beside  them 
a  Kale  of  pressure  in  atmospheres  is  placed.  In  lig.  3S9  the  steam  is  ex- 
panded about  se^'en  times,  and  the  back  pressure  is  about.  \  of  an  atmo- 
sphere, the  pressure  during  admission  being  five  atmospheres.  The  engisc 
i»  a  condensing  one,  and  the  diagram  is  fairly  good.  Fig.  390  is  for  a  nan< 
rondensing  engine,  the  back  pressure  being  above  that  of  the  atmosphere. 
The  sicam  is  cut  off  (at  li)  only  at  about  j  of  the  stroke,  so  thai  it  is  not 
working  economically,  and  from  the  roundness  of  its  comers  ihe  diagram 
would  be  considered  a  poor  one. 

The  ustfut  work  of  an  engine  is  measured  by  an  entirely  different  piece 
of  apparatus,  called  a  dynamomet^.  This  is  used  in  tnany  forms,  but  fig, 
391  shows  the  principle  upon  which  the  majority  act,  The  apparatus 
ihown  in  the  figure  is  known  as  a  Prenys  Jrklion  brake.  A  is  the  shaft, 
the  tisual  work  transmitted  by  which  we  require  to  find.  Upon  the  shaft  is 
n  Axed  pulley  B,  embraced  by  two  blacks  Bj  and  B,„  which  can  be  lightened 
up  by  the  screws  at  C,  and  C^  To  the  lower  block  is  fixed  a  lever  IJ,  from 
which  hangs  a  weight,  and  which  has  at  its  extremity  a  small  pointer  workr 
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ing  against  a  short  scale  F.  If  such  an  apparatus  be  set  in  motion  by 
turning  the  shaft  A,  one  of  two  things  must  happen ;  either  the  pulley  must 
slip  round  in  the  blocks,  or  it  must  so  grip  them  as  to  cany  both  them  and 
the  lever  D  round  its  own  axis.    The  moment  of  resistance  to  the  former  is- 


-/^^ 


the  frictional  n 

the  same  time. 


r  F,  if  r  be  the  radius  of  the  pulley  and  F  the  frictional  resistance  ai  its 
periphery ;  that  of  the  latter  is  R  W,  where  R  is  the  radius  of  the  weight 
and  W  the  weight  iiself.  In  practice  the  screw  C,  is  loosened  just  suffi- 
ciently to  keep  the  weight  just  lifted  from  the  ground,  while  the  pulley  is 
always  turning  round  in  ihe  blocks,  so  that,  therefore 

>-F  =  RW. 
The  work  done  at  the  brake  per  minute  is  equal  t 
multiplied  by  the  distance  through  which  it 
or,  if  «  be  the  number  of  revolutions  per  mini: 

=  2tRW«. 

It  is  therefore  just  the  same  as  if  a  resisiance  =  W  were  continually  being 
overcome  at  the  periphery  of  a  wheel  of  radius  R,  making  n  turns  per  minute. 
As  the  values  of  all  the  quaniities  in  the  expression  airRWw  are  very  readily 
determined,  it  will  be  seen  that  this  brake  affords  a  very  simple  way  of 
measuring  the  net  work  transmuted  through  the  shaft  of  an  engine. 

Ti..  .-..;,,  useful  work  work   sho«n    by  brake      .         „    ,     ,        „ 

^'"  '""°  >o..r..-o,k  '  °'    work  .howi,  by  indlcmr  "  """'   "■«  '-^^ 

ciency  of  the  engine  as  a  machine,  or  its  mechanical  efficiency.     It  is  often  as 

much  as  0-85,  and  sometimes  even  higher  than  0*9  or  90  per  cent.,  being 

generally  greatest  in  large  engines. 

474.  BSdanor  of  luBt  0ii(lnea.— There  is  another  ratio  of  efficiency 
connected  with  the  steam  engine,  namely  the  ratio 
Total  work  done  by  engine 
Total  heat  exjwnded 
which  ia  called  the  efficiency  0/  tlie  engine  as  a  heat  engine  or  its  thtrmo' 
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€iynamic  efficiency.  If  T,  and  Tj  be  respectively  the  absolute  temperatures 
(496)  of  the  steam  and  the  feed  water  in  any  engine,  then  it  can  be  shown 
that  such  an  engine,  if  working  quite  perfectly,  could  transform  no  more 

than  (— T^jr — ^)  of  the  heat  which  it  receives  into  wofk.    This  fraction  in  the 

case  of  a  steam  engine  is  seldom  more  than  about  o'25.  The  value  of  the 
actual  efficiency  of  the  engine  is  often  from  cio  to  0*14 ;  while,  therefore, 
an  ordinary  steam  engine,  with  such  an  efficiency,  turns  into  work  only  from 
,*-  to  ^  of  the  whole  heat  it  receives,  yet  it  may  be  turning  into  work  \  or 
more  of  the  whole  heat  which  it  could  possibly  transform  into  work  if  it 
i^erc  perfect. 

To  increase  the  economy  of  steam  engines  we  require  to  make  the  value 

of  (  — 1^^ — 2  J  larger.    This  is  done  either  by  raising  Tj  or  by  lowering  Tj,  or 

both.  The  chief  difficulty  is  that  we  cannot  raise  Tj  without  increasing  the 
steam  pressure,  which  it  is  often  not  convenient  to  do,  while  we  cannot  lower 
T,  below  such  a  temperature,  50®  to  60°  F.,  as  can  readily  be  obtained 
naturally,  at  all  seasons  of  the  year. 

475.  Hot  mlr  •Bstaes. — The  difficulty  as  to  T,  just  mentioned,  is  got  over 
by  the  use  of  some  fluid  whose  pressure  is  not  a  function  of  its  tempe- 
rature, and  naturally  air  is  the  most  convenient  fluid  for  the  purpose. 
Many  *  hot  air '  engines  have  been  designed,  and  some  have  found  a  con- 
siderable measure  of  success  commercially,  as  Rider's,  Hock's,  and  Leh- 
mann's.  In  all  cases  the  engines  consist  essentially  of  one  (or  two)  chambers 
placed  so  that  one  end  can  be  heated  by  a  furnace  and  the  other  cooled  by 
a  refrigerator.  The  air  is  compelled  to  move  from  the  cold  space  to  the  hot 
and  back  again  continually.  When  hot  it  is  allowed  to  expand  and  push 
forward  a  piston,  when  cold  it  is  compressed  by  pushing  back  the  piston 
again  to  its  original  position.  The  difference  between  these  two  quantities 
of  work  is  the  whole  work  done  by  the  engine.     By  making  T,  a  very  high 

temperature,  the  theoretical  efficiency  f     '  ~    ^  j  of  an  air  engine  may  be 

made  much  higher  than  that  of  a  steam  engine.  But  it  is  so  much  more 
difficult  to  attain  the  theoretical  efficiency  in  the  air,  than  in  the  steam 
engine,  that  its  actual  efficiency  is  generally  much  lower  than  that  of  a 
steam  engine.  There  are  constructive  difficulties  connected  with  the  hot- 
air  chambers,  and  with  the  regulation  of  the  speed,  and  these  as  well  as  with 
the  large  bulk  of  most  air  engines  in  proportion  to  their  power,  have  stood 
greatly  in  the  way  of  their  development.  No  doubt,  however,  much  more 
improvement  would  have  taken  place  in  these  engines  had  not  gas  engines 
come  into  prominence  of  late  years  and  proved  much  more  convenient. 

476.  Oms  encines. — Gas  engines,  like  steam  engines  and  air  engines,  are 
heat  engines,  but  in  them  the  working  fluid  is  ordinary  coal  gas  mixed  with 
air,  in  the  proportion  of  about  i  to  1 1  by  volume.  The  principle  of  action 
is  very  simple  : — The  explosive  mixture  after  being  drawn  into  the  cylinder 
is  set  light  to,  the  heat  generated  by  the  ver>'  rapid  combustion  which 
we  call  an  explosion  causes  the  mixed  gases  to  expand  and  drive  forward 
the  piston.  The  great  difficulty  for  many  years  was  that  the  explosion  was 
so  rapid  that  the  comparatively  slow-going  piston  could  not  keep  up  with  it 
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and  the  greater  part  of  the  energy  of  the  explosion  was  lost  by  radiation  and 
conduction.  In  the  more  modem  gas  engines,  however  (Otto's  and  Clerk's 
and  others),  this  diflicully  is  got  over  by  compressing  the  cbaige  before 
igniting  it,  a  treatment  which  is  found  to  decrease  very  much  the  rapidity 
of  the  explosion  and  so  greatly  increase  the  actual  efficiency  of  the  engine. 
Fig.  392  shows  the  priiwipal  parts  of  an  Otto 'Silent 'gas  engine,  u  now  made. 
A  is  the  cylinder,  open  at  front  and  single-acting,  in  which  works  a  deep 
piston  F,  drivinf;  a  cm^  in  ihe  usual  manner.    The  cylinder  is  surrounded 


by  a  water  jacket,  topre\-ent  it  from  gelling  too  hot.  At  the  back  of  ihe 
cylinder  is  a  slide  ralve  It,  worked  by  a  cam,  not  shown  in  drawing,  on  the 
lay  shaft  (>.  The  valve  B  is  kept  up  against  its  face  by  spiral  springs  £. 
D  is  a  chamber  in  which  a  small  Jet  of  gas  for  igniting  the  mixture  is  con- 
tinually burning.  C,  is  the  cock  for  admission  of  gas,  and  C,  an  india- 
rubber  bag  10  equalise  ihe  gas  pressure.  The  working  of  the  engine  is  as 
follows  : — the  piston  moves  from  left  to  right  and  draws  into  the  cylinder  the 
explosive  mixture.  On  the  return  stroke  it  compresses  the  mixture  to  about 
3  atmospheres.  The  igniting  flame  is  then  allowed  to  come  for  an  instant 
into  contact  with  the  compressed  mixture,  which  bums  very  rapidly  (or 
explodes  slowly,  whichever  expression  be  preferred)  and  pushes  the  piston 
forward  again,  the  pressure  rising  to  10  or  12  atmospheres.  On  the  next 
return  stroke  the  burnt  gases  are  pushed  nut  through  the  opening  shown  in 
the  drawing,  and  the  process  begins  again  once  more.  There  are  many 
ingenious  arrangements  about  this  type  of  engine  which  our  space  will  not 
allow  us  to  mention  in  detail.  It  must  suffice  to  say  thai  the  engine  has 
proved  distinctly  economical,  and  has  such  very  great  conveniences  as  may 
fairly  account  for  the  rapid  way  in  which  its  use  (and  (hat  of  other  gas 
engines)  has  extended. 

In  conclusion,  it  is  as  well  10  point  out  that,  as  long  as  they  work  between 
(he  same  temperatures,  there  is  no  diflerence  between  steam,  air,  and  gas 
engines  as  to  theoretical  economy.  The  last  two  gain  by  the  possibility  of 
using  higher  limits  of  temperature  than  can  be  employed  in  a  steam  engine, 
but,  so  far,  have  lost  by  constructive  and  mechanical  difficulties  which  pre- 
vent their  theoretical  efficiency  from  being  attained. 
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CHAPTER  XI. 

SOURCES  OF  HEAT  AND  COLD. 

477.  Btferent  soiurees  of  heat. — The  following  different  sources  of  heat 
m'ay  be  distinguished :  i.  the  mec/iam'ca/  sources y  comprising  friction,  percus- 
sion, and  pressure  ;  ii.  the  physiceU  sources — that  is,  solar  radiation,  terres- 
trial heat,  molecular  actions,  change  of  condition,  and  electricity ;  iii.  the 
clumcal  sources,  or  molecular  combinations,  and  more  especially  combus- 
tion. 

In  what  follows  it  will  be  seen  that  heat  may  be  produced  by  reversing 
its  effects  ;  as,  for  instance,  when  a  liquid  is  solidified  or  a  gas  compressed 
(479) ;  though  it  does  not  necessarily  follow  that  in  all  cases  the  reversal  of 
its  effects  causes  heat  to  be  produced — instead  of  it,  an  equivalent  of  some 
other  form  of  energy  may  be  generated. 

In  like  manner  heat  may  be  forced  to  disappear,  or  cold  be  produced 
when  a  change  such  as  heat  can  produce  is  brought  about  by  other  means, 
as  when  a  liquid  is  vaporised  or  a  solid  liquefied  by  solution  ;  though  here 
also  the  disappearance  of  heat  is  not  always  a  necessary  consequence  of 
the  production,  by  other  means,  of  changes  such  as  might  be  effected  by 
beat. 

MECHANICAL  SOURCES. 

478.  Heat  due  to  ftiotlon. — The  friction  of  two  bodies,  one  against  the 
other,  produces  heat,  which  is  greater  the  greater  the  pressure  and  the  more 
rapid  the  motion.  For  example,  the  axles  of  carriage  wheels,  by  their  fric- 
tion against  the  boxes,  often  become  so  strongly  heated  as  to  take  fire.  By 
nibbing  together  two  pieces  of  ice  in  a  vacuum  below  zero.  Sir  H.  Davy 
partially  melted  them.  In  boring  a  brass  cannon  Rumford  found  that  the 
heat  developed  in  the  course*  of  2^  hours  was  sufficient  to  raise  26^  pounds 
of  water  from  zero  to  100°,  which  represents  2,650  thermal  units  (447).  Mayer 
raised  water  from  12°  to  13°  by  shaking  it.  At-the  Paris  Exhibition,  in  1855, 
Beaumont  and  Mayer  exhibited  an  apparatus,  which  consisted  of  a  wooden 
cone  covered  with  hemp,  and  moving  with  a  velocity  of  400  revolutions  in  a 
minute,  in  a  hollow  copper  cone,  which  was  fixed  and  immersed  in  the  water 
of  an  hermetically-closed  boiler.  The  surfaces  were  kept  covered  with  oil. 
By  means  of  this  apparatus  88  gallons  of  water  were  raised  from  10  to  130 
degrees  in  the  course  of  a  few  hours. 

In  the  case  of  flint  and  steel,  the  friction  of  the  flint  against  the  steel 
raises  the  temperature  of  the  metallic  particles,  which  fly  off,  heated  to  such 
an  extent  that  they  take  fire  in  the  air. 

The  luminosity  of  aerolites  is  considered  to  be  due  to  their  friction 
against  the  air,  and  to  their  condensation  of  the  air  in  front  of  them  (479), 
their  velocity  attaining  as  much  as  1 50  miles  in  a  second. 
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Tyndall  has  devised  an  experiment  by  which  the  great  heat  developed  by 
friction  is  illustrated  in  a  striking  manner.  A  brass  tube  (fig.  393),  about 
7  inches  in  length  and  J  of  an  inch  in  diameter,  is  fixed  on  a  small  wheel. 
By  means  of  a  cord  passing  round  a  much  larger  wheel,  this  tube  can  be 
rotated  wiih  any  desired  velocity.  The  tube  is  three  parts  full  of  water,  and 
is  closed  by  a  cork.  In  making  the  experiment, the  tube  is  pressed  between 
a  wooden  clamp,  while  the  wheel  is  rotated  with  some  rapidity.  Tlie  water 
rapidly  becomes  heated  by  the  friction,  and  its  temperature  soon  exceeding 
the  boiling-point,  the  cork  is  projected  to  a  height  of  several  yards  by  the 
elastic  force  of  the  steam. 

479.  M«at  dne  to  prasanr*  AOd  paroitBSl«n< — If  a  body  be  so  com- 
pressed that  its  density  is  increased,  its  temperature  rises  according  as  the 
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volume  diminishes.  Joule  has  verified  this  in  the  case  of  water  and  of  oil, 
which  were  exposed  to  pressures  of  15  to  35  atmospheres.  In  the  case  of 
water  at  f2°C.,  increase  of  pressure  causcdloweringof  temperature— a  result 
which  agrees  with  the  fact  that  water  contraas  by  heat  at  this  temperature. 
Similarly,  when  weights  are  laid  on  metallic  pillars,  heat  is  evolved,  and 
absorbed  when  they  are  removed.  So  in  like  manner  the  stretching  of  a 
metallic  wire  is  attended  with  a  diminution  of  temperature. 

The  production  of  heat  by  the  compression  of  gases  is  easily  shown  by 
means  of  the  pneumniic  syiinge  (fig.  394).  This  consists  of  a  glass  tube 
with  thick  sides,  closed  hermetically  by  a  leather  piston.  At  the  bottom  of 
this  there  is  a  cavity  in  which  a  small  piece  of  cotton,  moistened  with 
ether  or  bisulphide  of  carbon,  is  placed.  The  tube  being  full  of  air,  the 
piston  is  suddenly  plunged  downwards  ;  the  air  thus  compressed  disengages 
so  much  heat  as  to  ignite  the  cotton,  which  is  seen  to  bum  when  the  piston 
is  rapidly  withdrawn.  The  inflammation  of  the  cotton  in  this  experitnenl 
indicates  a  temperature  of  at  least  300°. 

The  elevation  of  temperature  produced  by  the  compression  in  the  above 
experiment  is  sufficient  to  effect  the  combination,  and  therefore  the  detona- 
tion, of  a  mixture  of  hydrogen  and  oxygen. 

A  curious  application  of  the  principle  of  the  pneumatic  syringe  is  met 
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(he  pile  drives  this  in  wiih  far 

After  adding  a  fresh  charge  of 

fall,  again  produces  heat,  explosion, 


with  in  the  American  potuder  ram  for  pile-driving.  On  the  pile  to  be  driven 
is  fixed  a  powder  mortar,  above  which  is  suspended  at  a  suitable  distance  an 
iron  rammer,  shaped  like  a  gigantic  stopper,  which  just  fits  in  the  mortar. 
Gunpowder  is    "       '  '     ' 

falls  into  the  mortar,  condenses  the  air,  producing  s 
powder  is  ex- 
ploded. The 
force  of  the 
gases  projects 
the  rammer  .r^ 
imo  its  origi- 
nal     positioD, 

caught  by  a 
suitable  ar- 
rangement ;  at 

the  same  time  the  reaction  of  the  n 
greater  force  than  the  fall  of  the  r; 
poH-der,  the  rammer  is  again  allowed  ti 
and  so  forth,  so  that  the  driving  is  effected  in  a  surprisingly  short  time. 

Percusiitm  is  also  a  source  of  heat.  In  firing  shot  at  an  iron  tai^et,  a 
sheet  of  flame  is  frequently  seen  at  the  moment  of  impact ;  and  Sir  J.Whit- 
worth  has  used  iron  shells  which  are  exploded  by  the  concussion  on  striking 
an  Iron  target.  A  small  piece  of  iron  hammered  on  the  anvil  becomes  very 
hot.  The  heat  is  not  simply  due  to  an  approximation  of  the  molecules — 
that  is,  to  an  increase  in  density — but  arises  from  a  vibratory  motion  im- 
parted to  them  ;  for  lead,  which  does  not  increase  in  density  by  hammering, 
nevertheless  becomes  heated. 

The  heal  due  to  the  impact  of  bodies  is  not  difficult  to  calculate.  When- 
ever »  body  moving  with  a  velocity  v  is  suddenly  arrested  in  its  motion, 
its  vii  viva  is  converted  into  heat.  This  holds  equally  whatever  be  the 
cause  to  which  the  motion  is  due  :  whether  it  be  that  acquired  by  a  stone 
falling  from  a  height,  by  a  bullet  fired  from  a  gun,  or  the  rotation  of  a 
copper  disc  by  means  of  a  turning-table.  The  vis  viva  of  any  moving  body 
is  expressed  by  — .'  .  or  in  foot-pounds  by  '^  ,  w'here  /  is  the  weight  in 

pounds,  V  the  velocity  in  feet  per  second,  and  g  is  about  33  (29) ;  and  if  the 
whole  of  this  be  converted  into  heat,  its  equivalent  in  thermal  units  will 
be.-.^-_.     Suppose,  for  instance,  a  lead  ball  weighing  a  pound  be  fired 

from  a  gun,  and  strike  against  a  target,  what  amount  of  heat  will  it  produce? 
We  may  assume  that  its  velocity  will  be  about  1,600  feet  per  second  ;  then 
its  '.-is  viva  will  be  i-"-!^^ 

been  consumed  in  producing  the  vibrations  which  represent  the  sound  of  the 
shock,  some  of  it  also  in  its  change  of  shape  ;  but  neglecting  these  two,  as 
being  small,  and  assuming  that  the  heat  is  equally  divided  between  the  ball 
and  the  target,  then,  since  40,000  foot-pounds  is  the  equivalent  of  387 
themial  nnits,  ibe  share  of  the  ball  will  be  143  thermal  units  ;  and  if,  for 


-40,000  foot-pounds.     Some  of  this  will  hai 
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simplicity's  sake,  we  assume  that  its  initial  temperature  is  zero,  then,  taking 
its  specific  heat  at  0*0314,  we  shall  have 

I  X  0*0314  x/«  14-3  or  /-457°, 

which  is  a  temperature  considerably  above  that  of  the  melting  point  of  lead 

(338). 

By  allowing  a  lead  ball  to  fall  from  various  heights  on  an  iron  plate,  both 

experience  an  increase  of  temperature  which  may  be  measured  by  the 

thermopile ;  and  from  these  increases  it  may  be  easily  shown  that  the  heat 

is  directly  proportional  to  the  height  of  fall,  and  therefore  to  the  square  of 

the  velocity. 

By  similar  methods  Mayer  has  calculated  that  if  the  motion  of  the  earth 

were  suddenly  arrested  the  temperature  produced  would  be  sufficient  to  melt 

and  even  volatilise  it ;  while,  if  it  fell  into  the  sun,  as  much  heat  would  be 

produced  as  results  from  the  combustion  of  5,000  spheres  of  carbon  the  size 

of  our  globe. 

PH\'SICAL  SOURCES. 

480.  Solar  radlatioB. — The  most  intense  of  all  sources  of  heat  is  the  sun. 
Different  attempts  have  been  made  to  determine  the  quantity  of  heat  which  it 
emits.  Pouillet  made  the  first  accurate  measurements  of  the  heat  of  the  sun  by 
means  of  an  instrument  called  the  pyrohelio meter.     The  form  represented  in 

^S-  395  consists  of  a  flat  cylindrical 
metal  box  3  inches  in  diameter  and 
^  an  inch  deep,  containing  a  known 
weight  of  water.  To  it  is  fitted  a 
metal  tube  which  contains  the  stem 
of  a  delicate  thermometer,  the  bulb 
of  which  dips  in  the  liquid  of  the  box, 
being  fitted  by  means  of  a  cork. 
The  tube  works  in  two  collars,  so  that 
by  means  of  a  milled  head  it  can  be 
turned,  and  with  it  the  vessel,  and 
the  liquid  thus  be  uniformily  mixed. 
The  face  of  the  vessel  is  coated  with 
lamp-black,  and  is  so  adjusted  that 
the  sun's  rays  fall  perpendicularly 
upon  it.  This  can  be  ascertained  by 
observing  when  the  shadow  exactly 
covers  the  lower  disc  which  is  fitted 
to  the  same  axis. 

The  instrument  was  exposed 
for  five  minutes  at  a  time  to  the 
sun's  rays ;  knowing  the  weight  of 
the  water,  its  rise  in  temperature 
could  be  easily  calculated  (449). 
Corrections  were  necessary  for  the 
heat  reflected  by  the  lampblack,  and  also  for  the  heat  absorbed  by  the  air. 
Pouillet  calculated  from  the  results  of  experiments  with  this  apparatus 


Fig.  395- 
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that  if  the  total  quantity  of  heat  which  the  earth  receives  from  the  sun  in  the 
course  of  a  year  were  employed  to  melt  ice,  it  would  be  capable  of  melting 
a  layer  of  ice  all  round  the  earth  of  35  yards  in  thickness.  The  heat  emitted 
by  the  sun  is  equal  to  that  produced  by  the  combustion  of  1,500  pounds  of 
coal  in  an  hour  on  each  square  foot  of  its  surface.  But  from  the  surface 
which  the  earth  exposes  to  the  solar  radiation,  and  from  the  distance  which 
separates  the  earth  from  the  sun,  the  quantity  of  heat  which  the  earth 

recei%'es  can  only  be  ,>,,,ioo,ooo  ^^  ^^  \it,Vi\  emitted  by  the  sun. 

Faraday  calculated  that  the  average  amount  of  heat  radiated  in  a  day  on 
each  acre  of  ground  in  the  latitude  of  London  is  equal  to  that  which  would 
be  produced  by  the  combustion  of  sixty  sacks  of  coal. 

The  heat  of  the  sun  cannot  be  due  to  combustion,  for  even  if  the  sun 
consisted  of  hydrogen,  which  of  all  substances  gives  the  most  heat  in  com- 
bining with  oxygen,  it  can  be  calculated  that  the  heat  thus  produced  would 
not  last  more  than  3,000  years.  Another  supposition  is  that  originally  put 
forth  by  Mayer,  according  to  which  the  heat  which  the  sun  loses  by  radiation 
is  replaced  by  the  fall  gf  aerolites  against  its  surface.  One  class  of  these  is 
what  we  know  as  shooting  stars^  which  often  appear  in  the  heavens  with  great 
brilliancy,  especially  on  August  14  and  November  15  ;  the  term  meteoric  stone 
or  aerolite  being  properly  restricted  to  the  bodies  which  fall  on  the  earth. 
They  arc  often  of  considerable  size,  and  are  even  met  with  in  the  form  of 
dust.  Although  some  of  the  sun's  heat  may  be  restored  by  the  impact  of 
such  bodies  against  the  sun,  the  amount  must  be  very  small,  for  Sir  W. 
Thomson  has  proved  that  a  fall  of  03  gramme  of  matter  in  a  second  on  each 
square  metre  of  surface  would  be  necessary  for  this  purpose.  The  effect  of 
this  would  be  that  the  mass  of  the  sun  would  increase,  and  the  velocity  of 
the  earth's  rotation  about  the  sun  would  be  accelerated  to  an  extent  which 
would  be  detected  by  astronomical  observations. 

Helmholtz  considers  that  the  heat  of  the  sun  was  produced  originally  by 
the  condensation  of  a  nebulous  mass,  and  is  kept  up  by  a  continuance  of 
this  contraction.  A  sudden  contraction  of  the  primitive  nebular  mass  of  the 
sun  to  its  present  volume  would  produce  a  temperature  of  28  millions  of 
degrees  Centigrade  ;  and  a  contraction  of  ij^^^j^q  of  its  mass  would  be  sufficient 
to  supply  the  heat  radiated  by  the  sun  in  2,000  years.  This  amount  of  contrac- 
tion could  not  be  detected  even  by  the  most  refined  astronomical  methods. 

481.  Terrestrial  heat. — Our  globe  possesses  a  heat  peculiar  to  it,  which 
is  called  the  terrestrial  heat.  The  variations  of  temperature  which  occur  at 
the  surface  gradually  penetrate  to  a  certain  depth,  at  which  their  influence 
becomes  too  slight  to  be  sensible.  It  is  hence  concluded  that  the  solar  heat 
docs  not  penetrate  below  a  certain  internal  layer,  which  is  called  the  layer  of 
constant  annual  temperature  \  its  depth  below  the  earth's  external  surface 
varies,  of  course,  in  different  parts  of  the  globe  ;  at  Paris  it  is  about  30  yards, 
and  the  temperature  is  constant  at  1 1  8"  C. 

Below  the  layer  of  constant  temperature,  the  temperature  is  observed  to 
increase,  on  the  average,  i"  C.  for  every  90  feet.  The  most  rapid  increase 
is  at  Irkutsk  in  Siberia,  where  it  is  1°  for  20 feet,  and  the  slowest  in  the  mines 
at  Mansfield,  where  it  is  about  1°  C.  for  330  feet.  This  increase  has  been 
verified  in  mines  and  artesian  wells.  According  to  this  at  a  depth  of  3,000 
yards,  the  temperature  of  a  corresponding  layer  would  be  100°,  and  at  a 
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depth  of  20  to  30  miles  there  would  be  a  temperature  sufficient  to  melt  all 
substances  which  exist  on  the  surface.  Hot  springs  and  volcanoes  confirm 
the  existence  of  this  central  heat. 

Various  hypotheses  have  been  proposed  to  account  for  the  existence  of 
this  central  heat.  The  one  usually  admitted  by  physicists  is  that  the  earth 
was  originally  in  a  liquid  state  in  consequence  of  the  high  temperature,  and 
that  by  radiation  the  surface  has  gradually  solidified,  so  as  to  form  a  solid 
crust.  The  thickness  of  this  crust  is  not  believed  to  be  more  than  40  to  50 
miles,  and  the  interior  is  probably  still  in  a  liquid  state.  The  cooling  must 
be  very  slow,  in  consequence  of  the  imperfect  conductivity  of  the  crust.  For 
the  same  reason  the  central  heat  does  not  appear  to  raise  the  temperature 
of  the  surface  more  than  37,  of  a  degree. 

482.  Heat  prodaoed  by  absorption  and  imbibition. — Molecular  phe 
nomena,  such  as  imbibition,  absorption,  capillary  actions,  are  usually  accom- 
panied by  disengagement  of  heat.  Pouillet  found  that  whenever  a  liquid  is 
poured  on  a  finely-divided  solid,  an  increase  of  temperature  is  produced 
which  varies  with  the  nature  of  the  substances.  With  inorganic  substances, 
such  as  metals,  the  oxides,  the  earths,  the  increase  is  ~  of  a  degp^e  ;  but 
with  organic  substances,  such  as  sponge,  flour,  starch,  roots,  dried  mem- 
branes, the  increase  varies  from  i  to  10  degrees. 

The  absorption  of  gases  by  solid  bodies  presents  the  same  phenomena. 
Dobereiner  found  that  when  platinum,  in  the  fine  state  of  division  known  as 

platinum  black,  is  placed  in  oxygen,  it  absorbs 
many  hundred  times  its  volume,  and  that  the  gas 
is  then  in  such  a  state  of  density,  and  the  .tempera- 
ture so  high,  as  to  give  rise  to  intense  combustions. 
Spongy  platinum  produces  the  same  effect.  A  jet 
of  hydrogen  directed  on  it  takes  fire. 

The  apparatus  known  as  Dobereiner^ s  Lamp 
depends  on  this  property  of  finely-divided  platinum. 
It  consists  of  two  glass  vessels  (fig.  396).  The 
first,  A,  fits  in  the  lower  vessel  by  means  of  a 
tubulure  which  closes  it  hermetically.  At  the  end 
of  the  tubulure  is  a  lump  of  zinc,  Z,  immersed  in 
dilute  sulphuric  acid.  By  the  chemical  action  of 
the  zinc  on  the  dilute  acid  hydrogen  gas  is  gene- 
rated, which,  finding  no  issue,  forces  the  liquid  out 
of  the  vessel  B  into  the  vessel  A,  so  that  the  zinc 
is  not  in  contact  with  the  liquid.  The  stopper  of 
the  upper  vessel  is  raised  to  give  exit  to  the  air  in 
Fig.  396.  proportion  as  the  water  rises.     On  a  copper  tube, 

H,  fixed  in  the  side  of  the  vessel  B,  there  is  a  small 
cone,  a,  perforated  by  an  orifice  ;  above  this  there  is  some  spongy  platinum 
in  the  capsule,  c.  As  soon  now  as  the  cock,  which  closes  the  tube,  H,  is 
opened,  the  hydrogen  escapes,  and,  coming  in  contact  with  the  spong)' 
platinum,  is  ignited. 

The  condensation  of  vapours  by  solids  often  produces  an  appreciable 
increase  of  temperature.  This  is  particularly  the  case  with  humus,  which,  to 
the  benefit  of  plants,  is  warmer  in  moist  air  than  the  air  itself. 
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•  Favre  has  found  that  when  a  gas  is  absorbed  by  charcoal  the  amount  of 
heat  produced  by  the  absorption  of  a  given  weight  of  sulphurous  acid,  or  of 
protoxide  of  nitrogen,  greatly  exceeds  that  which  is  disengaged  in  the  lique- 
faction of  the  same  weight  of  gas  ;  for  carbonic  acid,  the  heat  produced  by 
absorption  exceeds  even  the  heat  which  would  be  disengaged  by  the  solidi- 
fication of  the  gas.  The  heat  produced  by  the  absorption  of  these  gases 
cannot,  therefore,  be  explained  by  assuming  that  the  gas  is  liquefied,  or  even 
solidified  in  the  pores  of  the  charcoal.  It  is  probable  that  it  is  in  part  due  to 
that  produced  by  the  liquefaction  of  the  gas,  and  in  part  to  the  heat  due  to 
the  imbibition  in  the  charcoal  of  the  liquid  so  produced. 

The  heat  produced  by  the  changes  of  condition  has  been  already  treated 
of  in  the  articles  Solidification  and  Liquefaction  ;  the  heat  produced  by  elec- 
trical action  will  be  discussed  under  the  head  of  Electricity, 

CHEMICAL  SOURCES. 

483.  diamieal  eombiaatloB.  Oombiistioii.— C^/»/Va/  combinations 
are  usually  accompanied  by  a  certain  elevation  of  temperature.  When  these 
combinations  take  place  slowly,  as  when  iron  oxidises  in  the  air,  the  heat 
produced  is  imperceptible  ;  but  if  they  take  place  rapidly,  the  disengagement 
of  heat  is  very  intense.  The  same  quantity  of  heat  is  produced  in  both  cases, 
but  when  evolved  slowly  it  is  dissipated  as  fast  as  formed. 

Combustion  is  chemical  combination  attended  with  the  evolution  of  light 
and  heat.  Inordinary  combustion  in  lamps,  fires,  candles,  the  carbon  and 
hydrogen  of  the  coal,  or  of  the  oil,  &c.,  combine  with  the  oxygen  of  the  air. 
But  combustion  does  not  necessarily  involve  the  presence  of  oxygen.  If 
either  powdered  antimony  or  a  fragment  of  phosphorus  be  placed  in  a  vessel 
of  chlorine,  it  unites  with  chlorine,  producing  thereby  heat  and  flame. 

Many  combustibles  bum  with  flame.  A  flame  is  a  gas  or  vapour  raised 
to  a  high  temperature  by  combustion.  Its  illuminating  power  varies  with 
the  nature  of  the  product  formed.  The  presence  of  a  solid  body  in  the  flame 
increases  the  illuminating  power.  The  flames  of  hydrogen,  carbonic  oxide, 
and  alcohol  are  pale,  because  they  only  contain  gaseous  products  of  com- 
bustion. But  the  flames  of  candles,  lamps,  coal  gas,  have  a  high  illuminating 
power.  They  owe  this  to  the  fact  that  the  high  temperature  produced  de- 
composes certain  of  the  gases  with  the  production  of  carbon,  which,  not 
being  perfectly  burnt,  becomes  incandescent  in  the  flame.  Coal  gas,  when 
burnt  in  an  arrangement  by  which  it  obtains  an  adequate  supply  of  air,  such 
as  a  Bunsen's  burner,  is  almost  entirely  devoid  of  luminosity.  A  non-lumi- 
nous flame  may  be  made  luminous  by  placing  in  it  platinum  wire  or  asbestos. 
The  temperature  of  a  flame  does  not  depend  on  its  illuminating  power.  A 
hydrogen  flame,  which  is  the  palest  of  all  flames,  gives  the  greatest  heat. 

Chemical  decomposition  in  which  the  attraction  of  heterogeneous  mole- 
cules for  each  other  is  overcome,  and  they  are  moved  further  apart,  is  an 
operation  requiring  an  expenditure  of  work  or  an  equivalent  consumption  of 
heal ;  and  conversely,  in  chemical  combination,  motion  is  transformed  into 
heat  When  bodies  attract  each  other  chemically  their  molecules  move 
towards  each  other  with  gradually  increasing  velocity,  and  when  impact  has 
taken  place  the  progressive  motion  of  the  molecules  ceases,  and  is  converted 
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into  a  rotating,  vibrating  or  progressive  motion  of  the  molecules  of  the  new 
body. 

The  heat  produced  by  chemical  combination  of  two  elements  may  be 
compared  to  that  due  to  the  impact  of  bodies  against  each  other.  Thus  the 
action  of  the  atoms  of  oxygen,  which,  in  virtue  of  their  progressive  motion, 
and  of  chemical  attraction,  rush  against  ignited  carbon,  has  been  likened  by 
Tyndall  to  the  action  of  meteorites  which  fall  into  the  sun. 

484.  Beat  aiseni:ared  aarlnir  eombnstloa. — Many  physicists,  more 
especially  Lavoisier,  Rumford,  Ehilong,  Despretz,  Hess,  Favre  and  Silber- 
mann,  and  Andrews,  have  investigated  the  quantity  of  heat  disengaged  by 
various  bodies  in  chemical  combinations. 

In  these  experiments  Lavoisier  used  the  ice  calorimeter  already  described. 
Rumford  used  a  calorimeter  kno>*'n  by  his  name,  which  consists  of  a  rect- 
angular copper  canister  filled  with  water.  In  this  canister  there  is  a  worm 
which  passes  through  the  bottom  of  the  box,  and  terminates  below  in  an 
inverted  funnel.  Under  this  funnel  is  burnt  the  substance  experimented 
upon.  The  products  of  combustion,  in  passing  through  the  worm,  heat  the 
water  of  the  canister,  and  from  the  increase  of  its  temperature  the  quantity 
of  heat  evolved  is  calculated.  Despretz  and  Dulong  successively  modified 
Rumford's  calorimeter  by  allowing  the  combustion  to  take  place,  not 
outside  the  canister,  but  in  a  chamber  placed  in  the  liquid  itself;  the 
oxygen  necessary  for  the  combustion  entered  by  a  tube  in  the  lower  part  of 
the  chamber,  and  the  products  of  combustion  escaped  by  another  tube 
placed  at  the  upper  part  and  twisted  in  a  serpentine  form  in  the  mass  of  the 
liquid  to  be  heated.  FavTe  and  Silbermann  have  improved  this  calorimeter 
very  greatly  (463),  not  only  by  avoiding  or  taking  account  of  all  possible 
sources  of  error,  but  by  arranging  it  for  the  determination  of  the  heat  evolved 
in  other  chemical  actions  than  those  of  ordinary  combustion. 

The  experiments  of  Favre  and  Silbermann  are  the  most  trustworthy,  as 
having  been  executed  with  the  greatest  care.  They  agree  very  closely  with 
those  of  Dulong.  Taking  as  thennal  unit  the  heat  necessary  to  raise  the 
temperature  of  a  pound  of  water  through  one  degree  Centigrade,  the  follow- 
ing table  gives  the  thennal  units  in  round  numbers  disengaged  by  a  pound 
of  each  of  the  substances  in  burning  in  oxygen  : — 


Hydrogen 
Marsh  gas 
Olcfiant  gas 
Oil  of  turpeni 
Olive  oil 
Ether     . 
Anthracite 
Charcoal 
Coal 
Tallow  . 


ne 


34462  Diamond 

13063  Absolute  alcohol   . 

1 1858  Coke      . 

10852  Phosphorus   . 

9860  Wood,  dry     . 

9030  Bisulphide  of  carbon 

8460  Wood,  moist . 

8080  Carbonic  oxide 

8000  Sulphur 

8000  Iron 


7770 
7180 
7000 

5750 
4025 

3401 

3100 
2400 

2220 

1576 


Bunsen's  calorimeter  (451)  has  been  used  with  advantage  for  studying  the 
heat  produced  in  chemical  reactions  for  cases  in  which  only  very  small 
quantities  are  available. 

The  experiments  of  Dulong,  of  Despretz,  and  of  Hess  proved  that  a  body 
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in  burning  always  produces  the  same  quantity  of  heat  in  reaching  the  same 
degree  of  oxidation,  whether  it  attains  this  at  once,  or  only  reaches  it  after 
passing  through  intermediate  stages.  Thus  a  given  weight  of  carbon  gives 
out  the  same  amount  of  heat  in  burning  directly  to  carbonic  acid,  as  if  it 
were  first  changed  into  carbonic  oxide,  and  then  this  were  burnt  into  carbonic 
acid. 

The  temperature  of  combustion^  or,  in  the  case  of  gases,  the  temperature 
of  the  flame,  is  the  upper  limit  of  the  temperature  which  can  be  attained  by 
the  combustion  of  a  body.  This  can  be  deduced  from  the  heat  of  combus- 
tion, and  from  the  specific  heats  of  the  bodies  produced.  The  theoretical 
temperature  of  combustion  of  hydrogen  in  oxygen  is  calculated  at  6,715°  ; 
this,  however,  is  never  even  approximately  reached,  for  at  the  lower  tem- 
peratures aqueous  vapour  is  dissociated  (389),  and  the  combustion  cannot 
exceed  a  certain  limit. 

485.  Anlmrt  heat. — In  all  the  organs  of  the  human  body,  as  well  as 
those  of  all  animals,  processes  of  oxidation  are  continually  going  on.  Oxygen 
passes  through  the  lungs  into  the  blood,  and  so  into  all  parts  of  the  body.  In 
like  manner  the  oxidisible  bodies,  which  are  principally  hydrocarbons,  pass 
by  the  process  of  digestion  into  the  blood,  and  likewise  into  all  parts  of  the 
body,  while  the  products  of  oxidation,  carbonic  acid  and  water,  are  eliminated 
by  the  skin,  the  lungs,  &c.  Oxidation  in  the  muscle  produces  motions  of  the 
molecules,  which  are  changed  into  contraction  of  the  muscular  fibres ;  all 
other  oxidations  produce  heat  directly.  When  the  body  is  at  rest,  all  its 
functions,  even  involuntary  motions,  are  transformed  into  heat.  When  the 
body  is  at  work,  the  more  vigorous  oxidations  of  the  working  parts  are 
transferred  to  the  others.  Moreover,  a  great  part  of  the  muscular  work  is 
changed  into  heat,  by  friction  of  the  muscle  and  of  the  sinews  in  their  sheaths, 
and  of  the  bones  in  their  sockets.  Hence  the  heat  produced  by  the  body 
when  at  work  is  greater  than  when  at  rest.  The  blood  distributes  heat 
tmiformly  through  the  body,  which  in  the  normal  condition  has  a  temperature 
of  37®  C  ■■  98*6  F.  The  blood  of  mammalia  has  the  same  temperature,  that  of 
birds  is  somewhat  higher.  In  fever  the  temperature  rises  to  42^-43",  and  in 
cholera,  or  when  near  death,  sinks  to  35°. 

The  function  of  producing  work  in  the  animal  organism  was  formerly  con- 
sidered as  separate  from  that  of  the  production  of  heat.  The  latter  was 
held  to  be  specially  due  to  the  oxidation  of  the  hydrocarbons  of  the  fat,  while 
the  work  was  ascribed  to  the  chemical  activity  of  the  nitrogenous  matter. 
This  view  has  now  been  generally  abandoned  ;  for  it  has  been  found  that 
during  work  there  is  no  increase  in  the  secretion  of  urea,  which  is  the  result 
of  the  oxidation  of  nitrogenous  matter ;  moreover,  the  organism  while  at 
rest  produces  less  carbonic  acid,  and  requires  less  oxygen  than  when  it  is  at 
work  ;  and  the  muscle  itself,  both  in  the  living  organism  and  also  when 
removed  from  it  and  artificially  stimulated,  requires  more  oxygen  in  a  state 
of  activity  than  when  at  rest.  For  these  reasons  the  production  of  work  is 
ascribed  to  the  oxidation  of  the  organic  matter  generally. 

The  process  of  vegetation  in  the  living  plant  is  not  in  general  connected 
with  any  oxidation.  On  the  contrary,  under  the  influence  of  the  sun's  rays, 
the  green  parts  of  plants  decompose  the  carbonic  acid  of  the  atmosphere 
into  free  oxygen  gas  and  into  carbon,  which,  uniting  with  the  elements  of 
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water,  fonn  cellulose,  slarch,  sugar,  and  so  forth.  In  order  to  eflect  this,  an 
expenditure  of  heat  is  required  which  is  stored  up  in'the  pUjit,  and  which 
reappears  during  the  combustion  of  the  wood,  or  of  the  coal  arising  from  its 
decomposition. 

At  the  time  of  blossoming  a  process  of  oxidation  goes  on,  which,  as  in 
the  case  of  the  blossoming  of  the  Victoria  regia,  is  attended  with  an  appreci- 
able rise  of  temperature. 


486.  IHfferent  kinds  or  ^*tMAf.~H£atiHg  a  the  art  of  utilising  for 
domestic  and  industrial  purposes  the  sources  of  heat  which  nature  offers 
to  us.     Our  principa!  source  of  artiticial  heat  is  the  combustion  of  coal,  coke, 

turf,  wood,  and  charcoal. 

We  may  distinguish  live  Ivinds  of  heating,  according  to  the  apparatus 
used  :  1st,  heating  with  an  open  tire  ;  2nd,  heating  with  an  enclosed  fire,  as 
with  a  stove  ;  ird,  heating  by  hot  air;  4th,  heating  by  steam  ;  5th,  heating 
by  the  circulation  of  hot  water. 

487.  TiroplMoea.— Fireplaces  are  open  hearths  built  against  a  wall  under 
a  chimney,  through  which  the  products  of  combustion  escape. 

However  much  they  may  be  improved,  fireplaces  will  always  remain  the 
most  imperfect  and  costly  mode  of  heating,  for  they  only  render  available 
13  per  cent,  of  the  total  heat  yielded  by  coal  or- coke,  and  6  percent,  of  that 
by  wood._  This  enormous  loss  of  temperature  arises  from  the  fact  that  the 
current  of  air  necessary  for  combustion  always  carries  with  it  a  large  quan- 
tity of  the  heat  produced,  which  is  dissipated  in  the  atmosphere.  Hence 
Franklin  said  'fireplaces  should  be  adopted  in  cases  where  the  smallest 
(|uantil)  of  heat  «as  in  bt  itbtained  from  a  given  quantity  of  fuel'  Not- 
withstandmg  their  want  of  economi',  however,  they  will  always  be  preferred 
it  mode  of  heating,  on  account  of  the  cheerful 
tight  which  they  emit,  and  the  ventilation 
which  they  ensure. 

4S8.  SrwiKht  of  Sreplae«a,  —  The 
draught  of  a  fire  is  the  upward  current  in  the 
chimney  caused  by  the  ascent  of  the  pro- 
ducts of  combustion ;  when  the  current  is 
rapid  and  continuous,  the  chimney  is  said 
to  dra-^  well. 

The  draught  is  caused  by  the  difference 
between  the  temperature  of  the  inside  and 
thai  on  the  outside  of  the  chimney  ;  for,  in 
consequence  of  this  difference,  the  gaseous 
bodies  which  fill  the  chimney  are  lighter 
than  the  air  of  the  room,  and  consequently 
equilibrium  is  impossible.  The  weight  of 
the  column  of  gas  CD,  fig.  397,  in  the 
chimney  being  less  than  that  of  the  external 
column  of  air  AB  of  the  same  height,  there 
a  pressure  from  the  outside  to  Che  inside  which  causes  the  products  of 
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coabustion  to  ascend  the  more  rapidly  in  proportion  as  the  difference  in 
wei|^  of  the  two  gaseous  masses  is  greater. 

The  velocity  of  the  draught  of  a  chimney  may  be  determined  theoretically 
by  tl>e  formula 

in  wluch  g  is  the  acceleration  of  gravity,  a  the  coefficient  of  the  expansion 
of  air,  Jk  the  height  of  the  chimney,  t  the  mean  temperature  of  the  air  inside 
the  chminey,  and  /  the  temperature  of  the  surrounding  air. 

The  currents  caused  by  the  difference  in  temperature  of  two  communi- 
cating i^eous  masses  may  be  demonstrated  by  placing  a  candle  near  the 
top  and  near  the  bottom  of  the  partially  opened  door  of  a  warm  room. 
At  the  tag,  the  flame  will  be  turned  from  the  room  towards  the  outside, 
while  the  contrary  effect  will  be  produced  when  the  candle  is  placed  on  the 
ground.  The  two  effects  are  caused  by  the  current  of  heated  air  which 
issues  by  the  top  of  the  door,  while  the  cold  air  which  replaces  it  enters  at 
the  bottom. 

In  order  to  have  a  good  draught,  a  chimney  ought  to  satisfy  the  following 
conditions  : — 

i.  The  section  of  the  chimney  ought  not  to  be  larger  than  is  necessary  to 
allow  an  exit  for  the  products  of  combustion  ;  otherwise  ascending  and  de- 
scending currents  are  produced  in  the  chimney,  which  cause  it  to  smoke.  It 
is  advantageous  to  place  on  the  top  of  the  chimney  a  conical  pot  narrower 
than  the  chimney,  so  that  the  smoke  may  escape  with  sufficient  velocity  to 
resist  the  action  of  the  wind. 

ii.  The  chimney  ought  to  be  sufficiently  high,  for,  as  the  draught  is  caused 
by  the  excess  of  the  external  over  the  internal  pressure,  this  excess  is  greater 
in  proportion  as  the  column  of  heated  air  is  longer. 

iiL  The  external  air  ought  to  pass  into  the  chamber  with  sufficient  rapidity 
to  supply  the  wants  of  the  fire.  In  an  hermetically -closed  room  com- 
bustibles would  not  bum,  or  descending  currents  would  be  formed  which 
would  drive  the  smoke  into  the  room.  Usually  air  enters  in  sufficient 
quantity  by  the  crevices  of  the  doors  and  windows. 

iv.  Two  chimneys  should  not  communicate,  for  if  one  draws  better  than 
the  other,  a  descending  current  of  air  is  produced  in  the  latter,  which  carries 
smoke  with  it. 

For  the  strong  fires  required  by  steam  boilers  and  the  like,  very  high 
chimneys  are  needed  :  of  course  the  increase  in  height  would  lose  its  effect 
if  the  hot  column  above  became  cooled  down.  Hence  chimneys  are  often 
made  with  hollow  walls — that  is,  of  separate  concentric  layers  of  masonry 
or  brickwork — the  space  between  them  containing  air. 

489.  StoFOS. — Stoves  are  apparatus  for  heating  with  a  detached  fire, 
placed  in  the  room  to  be  heated,  so  that  the  heat  radiates  in  all  directions 
round  the  stove.  At  the  lower  part  is  the  draught-hole  by  which  the  air 
necessary  for  combustion  enters.  The  products  of  combustion  escape  by 
means  of  iron  chimney-pipes.  This  mode  of  heating  is  one  of  the  most 
economical,  but  it  is  by  no  means  so  healthy  as  that  by  open  fireplaces, 
for  the  ventilation  is  very  bad,  more  especially  where,  as  in  Sweden  and  in 
Germany,  the  stoves  are  fed  from  the  outside  of  the  room.    These  stoves 
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also  emit  a  bad  smell,  arising  in  part  from  the  decomposition  of  organic 
substances  which  are  always  present  in  the  air  by  their  contact  with  the 
heated  sides  of  the  chimney -pipes  ;  or  possibly,  as  Deville  and  Troost's 
researches  seem  to  show,  from  the  diffusion  of  gases  through  the  heated  sides 
of  the  stove. 

The  healing  is  very  rapid  with  blackened  metal  stoves,  but  they  also  cool 
very  rapidly.  Stoves  constructed  of  polished  earthenware,  which  are  common 
on  the  Continent,  heal  more  slowly,  but  more  pleasantly,  and  they  retain  the 
heal  longer. 

490.  BektliiK  b]r  sm woo.— Steam,  in  condensing,  gives  up  its  latent  heat 
of  vaporisation,  and  ihis  property  has  been  used  in  heating  baths,  woikshops, 
public  buildings,  hothouses,  &c.  For  this  purpose  steam  is  generated  in 
boilers  similar  10  those  used  for  steam-engines,  and  is  then  made  to  circulate 
in  pipes  placed  in  the  room  to  be  heated.  The  steam  condenses,  and  in 
doing  so  imparts  to  the  pipes  its  latent  heat,  which  becomes  free,  and  thtis 
heats  the  surrounding  air. 

491.  HsMtinc  br  bot  air. — Healing  by  hot  air  consists  in  heating  the 
air  in  the  lower  part  of  a  building,  from  whence  it  rises  to  the  higher  parts 
in  virtue  of  its  lessened  density.  The  apparatus  is  arranged  as  represented 
m  tig  398 

\  series  of  tubes,  All,  only  one  of  which  is  shown  in  the  figure,  is  placed 
in  a  furnace,  F,  m  the  cellar.  The  air  passes  into  the  tubes  through  the 
loner  end  A,  where  it  becomes  heated,  and,  rising  in  the  direction  of  the 
arrows,  reaches  the  room  M  by  a  higher  aperture  B.  The  various  rooms  to 
be  heated  are  provided  with 
one  or  more  of  these  apertures, 
which  are  placed  as  low  in 
the  room  as  possible.  The 
conduit  O  is  an  ordinary 
chimney.  These  apparatuses 
are  more  economical  than 
open  fireplaces,  but  they  are 
less  healthy,  unless  special 
provision  is  made  for  ventila- 


492.  B«Btl»K    by    bot 

water,— This  consists  of  a  con- 
tinuous circulation  of  water, 
which,  having  been  healed 
in  a  boiler,  rises  through  a 
series  of  tubes,  and  then,  after 
becoming  cool,  passes  into 
the  boiler  again  by  a  similar 

Figure  399  represents  an 
apparatus  for  heating  a  building  of  several  storeys.  The  heating  apparatus, 
which  is  in  the  basement,  consists  of  a  bell-shaped  boiler,  o  o,  with  an 
internal  flue,  F.  A  long  pipe,  M,  fits  in  the  upper  part  of  the  boiler,  and 
also  in  the  reservoir  Q,  placed  in  the  upper  part  of  the  building  to  be 
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heated     At  the  top  of  this  reservoir  there  is  a  safety  valve, 


e  of  the  vapour  i 
The  boiler,  the 
pipe  M,  and  a  portion 
of  the  reservoir  Q, 
being  filled  with 
water,  as  it  becomes 
heated  in  the  boilei, 
an  ascending  current 
of  hot  water  rises  to 
the  reservoir  Q,  while 
at  the  same  t: 
scending  currents  of  : 
colder  and  de  n 
water  pass  from  the 
lower  part  of  the  re- 
servoir Q  into  re- 
ceivers *,  d,  J,  filled 
with    water.      The 


n  be  regulated. 
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passes  again  through 
pipes  into  other  re- 
ceivers, a,  c,  t,  and 
ultimately  reaches 
the  lower  part  of  the 

During  this  circu- 
lation the  hot  water  heats  the  pipes  and  the 
troe  water-stoves.     The  number  and  the  di 
determined  from  the  fact  that  a  cubic  foot  of 
temperature  of  one  degree  can  theoretically  impart  ihi 
tempierature  to  3,200  cubic  feet  of  air  (460)      In  the  inter 
a,6,e,  d,e,  f,  there  are  cast  iron  tubes  which 
side  by  pipes,  P,  placed  underneath  the  flooring.     The  aii 
in  these  tubes,  and  issues  at  the  upper  part  of  the  receiver. 

The  principal  advantage  of  this  mode  of  heating  is  that  of  giving  a  tem- 
perature which  is  constant  for  a  long  time,  for  the  mass  of  water  only  cools 
sbnrly.  It  is  much  used  in  hothouses,  baths,  artiticiai  incubation,  drying 
nNHns,  and  generally  wherever  a  uniform  temperature  is  desired. 


which  thus  become 
of  these  parts  are 
falling  through   a 
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SOURCES  OF  COLD. 

493-  ▼■rtoiu  BonroaB  of  «old. — Besides  the  cold  caused  by  the  passage 
of  a  body  from  a  solid  to  the  liquid-state,  of  which  we  have  already  spoken, 
cold  is  produced  by  the  expansion  of  gases,  by  radiation  in  general,  and  more 
especially  by  radiation  at  night 

494.  0«ia  prodnoed  by  Ut*  •xpttoalon  of  ff«aea.  I««  ^AeUnea. — We 
have  seen  that  when  a  gas  is  compressed,  the  temperature  rises.  The 
reverse  of  this  is  also  the  case :  when  a  gas  is  rarefied,  a  reduction  of 
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temperature  ensues,  because  a  quantity  of  sensible  heat  disappcaors  when 
gas  becomes  increased  to  a  larger  volume.     This  may  be  shiMm  by 
a  delicate  Breguet's  thermometer  under  the  receiver  of  an  air-pump,  and 
hausting ;  at  each  stroke  of  the  piston  the  needle  moves  in  the  direction  of 
zero,  and  regains  its  original  temperature  when  air  is  admitted. 

The  production  of  cold  when  a  gas  is  expanded  has  been  extenstv^y 
applied  in  machines  for  artificial  refrigeration  on  a  large  scale.  By  Wind- 
hausen's  ice  machine,  from  1 5,000  to  1 50,000  feet  of  air  can  be  cooled  in  an 
hour,  through  40  to  100  degrees  in  temperature,  by  means  of  a  steam-engine 
of  from  6  to  20  horse-power.  The  essential  parts  of  this  machine  are  repre- 
sented in  fig.  400.  The  piston  B  in  the  cylinder  A  is  worked  to  the  right  by  a 
steam-engine  and  to  the  left  by  a  steam-engine  and  by  the  compressed  air. 


Fig.  400. 

As  it  moves  towards  the  right  the  valve  a  opens,  and  air  under  the  ordinary 
atmospheric  pressure  enters  the  space  Aj.  When  this  is  full  the  piston  moves 
towards  the  left,  the  air  in  A  is  compressed  to  about  2  atmospheres,  the 
valve  a  is  closed,  the  valve  b  opens,  and  air  passes  in  the  direction  of  the 
arrows  into  the  cooler,  C.  By  its  compression  it  has  become  strongly 
heated,  and  the  necessary  cooling  is  effected  by  means  of  pipes  through 
which  cold  water  circulates,  entering  at  5  and  emerging  at  6.  The  air,  thus 
compressed  and  cooled,  passes  out  through  the  valve  r,  which  is  automatically 
worked  by  the  machine,  into  the  space  A„  where,  in  conjunction  with  the 
steam-engine,  it  moves  the  piston  to  the  left,  and  compresses  the  air  in  A, ; 
for  at  a  certain  position  of  the  piston  the  valve  c  is  closed,  the  compressed 
air  in  the  cylinder  A,  expands,  and  thereby  is  cooled  far  below  the  freezing 
point.  As  the  piston  moves  again  to  the  right,  the  valve  d  is  opened  by  the 
working  of  the  machine,  and  the  cooled  air  emerges  through  the  tube  4  to 
its  destination.  If  it  passes  into  an  ordinary  room  it  fills  it  with  snowflakes. 
Machines  of  this  kind  are  extensively  employed  in  the  arts  ;  in  breweries, 
oil  refineries,  in  the  artificial  production  of  ice,  and  in  cooling  rooms  for 
the  transport  of  dead  meat,  &c.  on  board  ship. 

495.  Cold  prodnoea  by  radiation  at  niffbt. — During  the  day,  the 
ground  receives  from  the  sun  more  heat  than  radiates  into  space,  and  the 
temperature  rises.  The  reverse  is  the  case  during  night.  The  heat  which 
the  earth  loses  by  radiation  is  no  longer  compensated  for,  and  consequently 
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a  (all  of  temperature  takes  place,  which  is  greater  according  as  the  sky  is 
clearer,  for  clouds  send  towards  the  earth  rays  of  greater  intensity  than 
those  which  come  from  the  celestial  spaces.  In  some  winters  it  has  been 
found  that  rivers  have  not  frozen,  the  sky  having  been  cloudy,  although  the 
thermometer  has  been  for  several  days  below  —  4°  ;  while  in  other  less 
severe  winters  the  rivers  freeze  when  the  sky  is  clear.  The  emissive  power 
exercises  a  great  influence  on  the  cold  produced  by  radiation  ;  the  greater  it 
is,  the  greater  is  the  cold. 

In  Bengal,  the  nocturnal  cooling  is  used  in  manufacturing  ice.  Large 
flat  vessels  containing  water  are  placed  on  non-conducting  substances,  such 
as  straw  or  dry  leaves.  In  consequence  of  the  radiation  the  water  freezes, 
even  when  the  temperature  of  the  air  is  10®  C.  The  same  method  can  be 
applied  in  all  cases  with  a  clear  sky. 

It  is  said  that  the  Peruvians,  in  order  to  preserve  the  shoots  of  young 
plants  from  freezing,  light  great  fires  in  their  neighbourhood,  the  smoke  of 
which,  producing  an  artificial  cloud,  hinders  the  cooling  produced  by 
radiation. 

496.  Absolute  sero  of  temperatnro. — As  a  gas  is  increased  ^  of  its 
volume  for  each  degree  Centigrade,  it  follows  that  at  a  temperature  of  273° 
C.  the  volume  of  any  gas  measured  at  zero  is  doubled.  In  like  manner,  if 
the  temperature  of  a  given  volume  at  zero  were  lowered  through  -  273®,  the 
contraction  would  be  equal  to  the  voliune  :  that  is,  the  volume  would  not 
exist  At  this  temperature  the  motion  of  the  molecules  of  the  gas  would 
completely  cease,  and  the  pressure  thereby  occasioned.  In  all  probability, 
before  reaching  this  temperature,  gases  would  undergo  some  change. 

This  point  on  the  Centigrade  scale  is  called  the  absolute  zero  of  tempera- 
ture ;  the  temperatures  reckoned  from  this  point  are  called  absolute  tem- 
peratures. They  are  clearly  obtained  by  adding  273  to  the  temperature  on 
the  Centigrade  scale.  Thus  —35*'  C.  is  238°  on  the  absolute  scale  of  tem- 
perature, and  +  1 5°  C.  is  288°. 
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CHAPTER  XI r. 

MECHANICAL  EQUIVALENT  OF  HEAT. 

497.  Meoliaiiioal  eqatvalent  of  beat. — If  the  various  instances  of  the 
production  of  heat  by  motion  be  examined,  it  will  be  found  that  in  all  cases 
mechanical  force  is  consumed.  Thus  in  rubbing  two  bodies  against  each 
other,  motion  is  apparently  destroyed  by  friction  ;  it  is  not,  however,  lost, 
but  appears  in  the  form  of  a  motion  of  the  particles  of  the  body  ;  the  motion 
of  the  mass  is  transformed  into  a  motion  of  the  molecules. 

Again,  if  a  body  be  allowed  to  fall  from  a  height,  it  strikes  against  the 
ground  with  a  certain  velocity.  According  to  older  views,  its  motion  is  de- 
stroyed, vis  viva  is  lost.  This,  however,  is  not  the  case ;  the  vis  znva  ot 
the  body  appears  as  vis  viva  of  its  molecules. 

In  the  case,  too,  of  chemical  action,  the  most  productive  artificial  source 
of  heat,  it  is  not  difficult  to  conceive  that  there  is,  in  the  act  of  combining, 
an  impact  of  the  dissimilar  molecules  against  each  other,  an  effect  analogous 
to  the  production  of  heat  by  the  impact  of  masses  of  matter  against  each 
other  (483). 

In  like  manner,  heat  may  be  made  to  produce  motion,  as  in  the  case  of 
the  steam-engine,  and  the  propulsion  of  shot  from  a  gun. 

Traces  of  a  view  that  there  is  a  connection  between  heat  and  motion  are 
to  be  met  with  in  the  older  writers.  Bacon  for  example  ;  and  Locke  says, 
'  Heat  is  a  very  brisk  agitation  of  the  insensible  parts  of  the  object,  which 
produces  in  us  that  sensation  from  whence  we  denominate  the  object  hot ; 
so  that  what  in  our  sensation  is  heat,  in  the  object  is  nothing  but  motion/ 
Rumford,  in  explaining  his  great  experiment  of  the  production  of  heat  by 
friction,  was  unable  to  assign  any  other  cause  for  the  heat  produced  than 
motion  ;  and  Davy,  in  the  explanation  of  his  experiment  of  melting  ice  by 
friction  in  vacuo^  expressed  similar  views.  Camot,  in  a  work  on  the  steam- 
engine,  published  in  1824,  also  indicated  a  connection  between  heat  and 
work. 

The  views,  however,  which  had  been  stated  by  isolated  writers  had  little 
or  no  influence  on  the  progress  of  scientific  investigation,  and  it  is  in  the 
year  1842  that  the  modern  theories  may  be  said  to  have  had  their  origin. 
In  that  year  Dr.  Mayer,  a  physician  in  Heilbronn,  formally  stated  that  there 
exists  a  connection  between  heat  and  work  ;  and  he  it  was  who  first  intro- 
duced into  science  the  expression  *  mechanical  equivalent  of  heaiJ  Mayer 
also  gave  a  method  by  which  this  equivalent  could  be  calculated ;  the  par- 
ticular results,  however,  are  of  no  value,  as  the  method,  though  correct  in 
principle,  is  founded  on  incorrect  data. 

In  the  same  year,  too,  Colding  of  Copenhagen  published  experiments  oa 
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the  production  of  heal  by  friction,  from  which  he  concluded  that  the  evolut. 
tion  of  heal  was  proportional  to  the  mechanical  energy  expended. 

About  the  same  lime  as  Mayer,  but  quite  independently  of  him,  Joule  \ 
commenced  a  series  of  experimental  investigations  on  the  relation  between 
heat  and  work.  These  first  drew  the  attention  of  scientific  men  lo  the  sub- 
ject, and  were  admitted  as  a  proof  that  the  transformation  of  heat  into  me- 
chanical energy,  or  of  mechanical  energy  into  heat,  always  takes  place  in  a 
definite  numerical  ratio. 

Subsequently  to  Mayer  and  Joule,  several  physicists,  by  their  theoretical 
and  experimental  investigations,  have  contributed  to  establish  the  mechanical 
theory  of  heat :  namely,  in  this  country,  Sir  W.  Thomson  and  Kankine  ;  in 
Germany,  Helmholti,  Clausius,  and  Holtzmann  ;  and  in  France,  Clapeyron 
And  Regnaulc.  The  following  are  some  of  the  most  important  and  satis- 
factory of  Joule's  oiperimems. 

A  copper  vessel,  B  (fig.  401),  was  provided  with  a  brass  paddle-wheel 
(indicated  by  the  dotted  lines),  which  could  be  made  to  rotate  about  a 


Fig.  4".. 

vertical  axis.    Two  weights,  E  and  F,  w6re  attached  to  cords  which  passed 
over  the  pulleys  C  and  D,  and  were  connected  with  the  axis  A.    These    ' 
weights  in  falling  cause  the  wheel  to  rotate.     The  height  of  the  fall,  which  ir 
JcHilo'*  experiments  was  about  63  feet,  was  indicated  on  the  scales  G  and  H. 

TTie  roller  A  was  so  constructed  that  by  detaching  a  pin  the  weights  could 
be  raised  without  moving  the  wheel.  The  vessel  B  was  filled  with  water 
and  placed  on  a  stand,  and  the  weights  allowed  to  sink.  When  ihey  had 
revhed  the  ground,  the  roller  was  detached  from  the  axis,  and  the  weights 
again  raised,  the  same  operations  being  repeated  2o  times.  The  heat  pro- 
duced was  measured  by  ordinary  calorimetric  methods  (447). 

The  work  expended  is  me.isured  by  the  product  of  the  weight  into  the 

height  through  which  it  falls,  or>A,  less  the  work  lost  by  the  friction  of  the 

various  pans  of  the  apparatus.     This  is  diminished  as  far  as  possible  by  the 

UK  of  friction  wheels  (78),  and  its  amount  is  determined  by  connecting  C 

u  3  ^ 
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and  D  without  causing  them  to  pass  over  A,  and  then  determining  the 
weight  necessary  to  communicate  to  them  a  uniform  motion. 

In  this  way  it  has  been  found  that  a  thermal  unit — ^that  is,  the  quantity  of 
heat  by  which  a  pound  of  water  is  raised  through  i°  C. — is  generated  by  the 
expenditure  of  the  same  amount  of  work  as  would  be  required  to  raise  1,392 
pounds  through  i  foot,  or  i  pound  through  1,392  feet.  This  is  expressed  by 
saying  that  the  mechanical  equivalent  of  the  thermal  unit  is  1,392  foot-pounds. 

The  friction  of  an  iron  paddle-wheel  in  mercury  gave  1,397  foot-pounds, 
and  that  of  the  friction  of  two  iron  plates  gave  1,395  foot-pounds,  as  the 
mechanical  equivalent  of  one  thermal  unit. 

In  another  series  of  experiments,  the  air  in  a  receiver  was  compressed 
by  means  of  a  force-pump,  both  being  immersed  in  a  known  weight  of  water 
at  a  known  temperature.  After  300  strokes  of  the  piston,  the  heat,  C,  was 
measured  which  the  water  had  gained.  This  heat  was  due  to  the  compression 
of  the  air  and  to  the  friction  of  the  piston.  To  eliminate  the  latter  in- 
fluence, the  experiment  was  made  under  the  same  conditions,  but  leaving  the 
receiver  open.  The  air  was  not  compressed,  and  300  strokes  of  the  piston 
developed  C  thermal  units.  Hence  C  —  C^  is  the  heat  produced  by  the  com- 
pression of  the  gas.     Representing  the  foot-pounds  expended  in  producing 

W 
this  heat  by  W,  we  have  ■  — —  for  the  value  of  the  mechanical  equivalent. 

^*  "^  ^* 

By  this  method  Joule  obtained  the  number  1,442. 

The  mean  number  which  Joule  adopted  for  the  mechanical  equivalent  of 
one  thermal  unit  on  the  Centigrade  scale  is  1,390  foot-pounds  ;  on  the 
Fahrenheit  scale  it  is  772  foot-pounds.  The  number  is  called  JouUs  equi- 
valent^ and  is  usually  designated  by  the  symbol  J. 

On  the  metrical  system  424  metres  usually  are  taken  as  the  height  through 
which  a  kilogramme  of  water  must  fall  to  raise  its  temperature  i  degree 
Centigrade.  This  is  equal  to  42,400,000  grammes  raised  through  a  height  of 
a  centimetre. 

Professor  Rowland  of  Bahimore  has  recently  made  a  very  careful  and 
complete  determination  of  the  mechanical  equivalent  of  heat,  by  Joule's 
method,  in  which  he  has  examined  and  allowed  for  all  possible  sources  of 
error.  His  results  give  426*9  kilogramme-metres  as  the  mean  value  of  this 
constant  for  the  latitude  of  Baltimore. 

Him  made  the  following  determination  of  the  mechanical  equivalent  by 
means  of  the  heat  produced  by  the  compression  of  lead.  A  large  block  of 
sandstone,  CD  (fig.  402),  is  suspended  vertically  by  cords  ;  its  weight  is  P. 
E  is  a  piece  of  lead,  fashioned  so  that  its  temperature  may  be  determined 
by  the  introduction  of  a  thermometer.  The  weight  of  this  is  II,  and  its 
specific  heat  c.  AB  is  a  cylinder  of  cast  iron,  whose  weight  is/.  If  this  be 
raised  to  A'B',  a  height  of  //,  and  allowed  to  fall  again,  it  compresses  the 
lead,  E,  against  the  anvil,  CD.  It  remains  to  measure  on  the  one  hand  the 
work  lost,  and  on  the  other  the  heat  gained. 

The  hammer  AB  being  raised  to  a  height  //,  the  work  of  its  fall  \^ph  ; 
but  as,  by  its  elasticity,  it  rises  again  to  a  height  ^,,  the  work  is  /  (A -A;). 
The  anvil  CD,  on  the  other  hand,  has  been  raised  through  a  height  H  to  CD', 
and  has  required  in  so  doing  PH  units  of  work.  The  work,,W,  definitely 
absorbed  by  the  lead  is  p  (//-//,) -PH.     On  the  other  hand,  the  lead  has 
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been  heated  by  9,  it  has  gained  Xic6  thermal  units,  c  being  the  specific  heat 
of  lead,  and  the  mechanical  equivalent  J  is  equal  to  the  quotient 
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series  of  six  experiments  gave  1,394  for  <he  mechanical  equivalent  as  thus 
obtained. 

Tlie  following  is  the  method  which  Mayer  employed  in  calculating  the 
mechanical  equivalent  of  heat.  It  is  taken,  with  slight  modihcations,  from 
Prof.  Tyndall's  work  on  Heal,  who,  while  sirictly  following  Mayer's  reason- 
ing, has  corrected  his  data. 

Let  us  suppose  that  a  rectangular  vessel  with  a  section  of  a  square  foot 
contains  at  0°  a  cubic  foot  of  air  under  the  ordinary  atmospheric  pressure  ; 
and  let  us  suppose  that  it  is  enclosed  by  a  piston  without  weight. 

Suppose  now  that  the  cubic  foot  of  air  is  heated  until  its  volume  is 
doubled  ;  from  the  coefficient  of  expansion  of  air  we  know  that  this  is  the 
case  at  373°  C.  The  gas  in  doubling  its  volume  will  have  raised  the  piston 
through  a  fool  in  height  ;  it  will  have  lifted  the  atmospheric  pressure  through 
this  distance.  But  the  atmospheric  pressure  on  a  square  foot  is  in  round 
numbers  15  ••  i44>z,r6o  pounds.  Hence  a  cubic  foot  of  air,  in  doubling  its 
volume,  has  lifted  a  weight  of  2,160  pounds  through  a  height  of  a  foot. 

Now  a  cubic  foot  of  air  at  zero  weighs  1-29  ounce,  and  the  specific  heat 
of  air  under  constant  pressure — that  is,  when  it  can  expand  freely — as  com- 
pared with  that  of  an  equal  weight  of  water,  is  0-24  ;  so  that  the  quantity 
of  heat  which  will  raise  i'2g  ounce  of  air  through  273°  will  only  raise 
rrn*  I -19 -0-3]  oz.  of  water  through  the  same  temperature  ;  buIo'3i  01.  of 
water  raised  through  273°  is  equal  to  5-29  pounds  of  water  raised  through 
I'C. 

That  is,  the  quantity  of  heat  which  will  double  the  volume  of  a  cubic  foot 
of  air,  and  in  so  doing  will  lift  2,160  pounds  through  a  height  of  a  foot,  is 
5-29  thermal  units. 

.Sow  in  the  above  case  the  gas  has  been  heated  under  constant  pressure, 
thai  is,  when  it  could  expand  freely.  If,  however,  it  had  been  heated  under 
constant  volume,  its  specific  heat  would  have  been  less  in  the  ratio  1  ;  I'4I4 
:'46o),  so  that  the  quantity  of  heat  required  under  these  < 

raise  the  temperature  of  a  cubic  foot  of  air  would  be  S'2()  x 
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ducting  this  from  5'29,  the  difference  I'js  represents  the  weight  of  wa^  er 
which  would  have  been  raised  i°  C.  by  the  excess  of  heat  impaited  to  t^  Sw 
air  when  it  could  expand  freely.  But  this  excess  has  been  consumed  in  t-le- 
work  of  raising  2,160  pounds  through  3  fooL  Dividing  this  by  1*55  we  ba.'^v 
1.393-  Hence  the  heat  which  will  raise  a  pound  of  water  through  1°  C.  vfc^iU 
raise  a  weight  of  1,393  pounds  through  a  height  of  afoot;  a  numerical  vaL  >^ 
of  the  mechanical  equivalent  of  heat  agreeing  as  closely  as  can  be  expecC^^ 
with  that  which  Joule  adapted  as  the  most  certain  of  his  experimen'^^ 

The  law  of  the  rdationof  heat  to  mechanical  ene^y  may  be  thus  stated: 

/feat  and  mechanUal  energy  are  mutually  eonveriibU;  and  luai  requires ^^'' 
its  production,  and  produces  by  its  disappearance,  mechanical  enerQi  in  ^-"^ 
ratio  0/ 1,^)0  foot-pounds /or  every  thermal  unit. 

A  variety  of  experiments  may  in  like  manner  be  adduced  to  show  tl*^*- 
whenever  beat  disappears  work  is  produced.    For  example,  if  in  a  reservc>>'' 
immersed  in  water  theair  be  compressed  to  the  extent  of  10  atmosphere^    ' 
supposing  that  now,  when  the  compressed  air  has  acquired  the  tempeiatuC^ 
of  the  water,  it  be  allowed  to  act  upon  a  piston  loaded  by  a  weight,  tt>^' 
weight  is  raised.    At  the  same  time  the  water  becomes  cooler,  showing  that' 
a  certain   quantity  of  heat  had  disappeared  in  producing  the  mechanic^' 
effort  of  raising  the  weight.    This  may  also  be  illustrated  by  the  following' 
experiment,  due  to  Prof  Tyndall ; — 

A  strong  metal  box  is  taken,  provided  with  a  stopcock,  on  which  can  be 
screwed  a  small  condensing  pump.  Having  compressed  the  air  by  its  means 
as  it  becomes  heated  by  ihis  process,  the  box  is  allowed  to  stand  for  some- 


time, until  it  has  acquired  the  temperature  of  the  surrounding  medium.  On 
opening  the  stopcock,  ihe  air  rushes  out ;  it  is  expelled  by  the  expansive 
force  of  the  internal  air  ;  in  short,  the  air  drives  itself  out.  Work  is  there- 
fore performed  by  the  air,  and  there  should  be  a  disappearance  of  heat ; 
and  if  the  jet  of  air  be  allowed  lo  strike  against  the  thcrmo-pilc,  the  galvano- 
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deflected,  and  the  din 


1  indicates  a  cooljnt; 
The  same  effect  is  obsen-ed  when,  on  opening  a  bottle  of  soda 
;  Ihe  carbonic  gas  which  escapes  is  allowed  to  impinge  against  ihe   I 
tbenno-pile.  I 

If,  on  the  contrary,  the  experiment  is  made  with   an  ordinary  pair  of  | 
bdioufs,   and   the  current   of  air  is  allowed  to  strike  against  the  pile,  the 
titfltciion  of  the  galvanometer  is  in  the  opposite  direction,  indicating  an 
increase  of  temperature  (fig.  404).     In  this  case  the  hand  of  the  experimenter 
performs  the  work,  which  is  converted  into  heat. 

Joule  placed  in  a  calorimeter  two  equal  copper  reservoirs,  which  could 
be  connected  by  a  lube.     One  of  these  contained  air  at  it  atmospheres,  the 


brimn  undi 

done  no  work,  thei 


exhausted.    When  they  were  connected,  they  c 
pressure  of  1 1  atmospheres  ;  but  as  the  gas  in  ' 
alteration  in  temperature.     Wher 


**owd  reservoir  was  full  of  water,  the  air  in  entering  was  obliged  lo  expel 
i<  and  thus  perform  work,  and  the  temperature  sank,  owing  to  an  absorption 

For  further  information  the  student  of  this  subject  is  referred  to  the 
fallnwing  works  ; — Tyndall  on  Heat  as  a  Jfoi/t  of  Motion,  Maxwell  on  Heat., 
Wortnell's  Thermodptamics  (Longmans),  and  Tait  on  TAertnodynamicj 
i^Edmonsiun  and  DouglasJ.  A  condensed,  though  complete  and  systematic 
ucouni  of  the  dynamical  theory  of  heal  is  met  with  in  Professor  Foster's, 
wiieles  on  '  Heat,'  in  Walls's  Dictionary  of  Chemistry. 

498.  BtaalpBttoD  of  anerrr-'Kankine  has  the  following  interesting 
<ibser\-alions  on  a  remarkable  consequence  of  the  mutual  convertibility  which 
has  been  shown  lo  exist  between  heat  and  other  forms  of  energy  ; — Sir  W- 
Thoinson  has  pointed  out  the  fact  that  there  exists,  at  least  in  the  present 
ilate  of  ihc  known  world,  a  predominating  tendency  lo  the  conversion  of  all 
the  other  forms  of  physical  energy  into  heal,  and  to  the  uniform  diffusion  of 
all  beat  throughout  all  matter.  The  form  in  which  we  generally  find  energy 
originally  collected  is  that  of  a  store  of  chemical  power  consisting  of  uncom- 


I 


446 


On  Heat. 


bined  elements.    The  combination  of  these  elements  produces  energy  in 
form  known  by  the  name  of  electrical  currents,  part  only  of  which  can 
•employed  in  analysing  chemical  compounds,  and  thus  reconverted  into 
store  of  chemical  power  ;  the  remainder  is  necessarily  converted  into  hea_: 
3.  part  only  of  this  heat  can  be  employed  in  analysing  compounds  or  in  z- 
producing  electric  currents.     If  the  remainder  of  the  heat  be  employed 
expanding  an  elastic  substance,  it  may  be  converted  entirely  into  visi 
motion,  or  into  a  store  of  visible  mechanical  power  (by  raising  weights,  i 
example),  provided  the  elastic   substance  is  enabled  to  expand  until 
temperature  falls  to  the  point  which  corresponds  to  the  absolute  privati 
of  heat ;  but  unless  this  condition  is  fulfilled,  a  certain  proportion  only 
the  heat,  depending  on  the  range  of  temperature  through  which  the  elas^ 
body  works,  can  be  converted,  the  rest  remaining  in  the  state  of  heat 
the  other  hand,  all  visible  motion  is  of  necessity  ultimately  converted  i; 
heat  by  the  agency  of  friction.     There  is,  then,  in  the  present  state  of  t 
known  world,  a  tendency  towards  the  conversion  of  all  physical  energy  in 
the  sole  form  of  heat. 

Heat,  moreover,  tends  to   diffuse   itself  uniformly  by  conduction 
radiation,  until  all  matter  shall  have  acquired  the  same  temperature.    Thd'^ 
is,  consequently,  so  far  as  we  understand  the  present  condition  of  tli^ 
universe,  a  tendency  towards  a  state  in  which  all  physical  energy  will  be  i^ 
the  state  of  heat,  and  that  heat  so  diffused  that  all  matter  will  be  at  the 
same  temperature  ;  so  that  there  will  be  an  end  of  all  physical  phenomena. 

Vast  as  this  speculation  may  seem,  it  appears  to  be  soundly  based  on 
experimental  data,  and  to  truly  represent  the  present  condition  of  the  uni- 
verse as  far  as  we  know  it. 
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ON   LIGHT. 


CHAPTER   I. 

TRANSMISSION,  VELOCITY,  AND  INTENSITY  OF   LIGHT. 

499.  TiMortos  Of  light* — Ught  is  the  agent  which,  by  its  action  on  tlie 
T^ina,  excites  in  us  the  sensation  of  vision.  That  part  of  physics  which  deals 
^^hh  the  properties  of  light  is  known  as  optics,  \ 

In  order  to  explain  the  origin  of  light,  various  hypotheses  have  been  made, 
tlie  most  important  of  which  are  the  emission  or  corpuscular  theory,  and  the 
^ndulatory  theory. 

On  the  emission  theory  it  is  assumed  that  luminous  bodies  emit,  in  all 
<iirections,  an  imponderable  substance,  which  consists  of  molecules  of  an 
Extreme  degree  of  tenuity :  these  are  propagated  in  right  lines  with  an  almost 
inimite  velocity.  Penetrating  into  the  eye  they  act  on  the  retina,  and  deter- 
mine the  sensation  which  constitutes  vision. 

On  the  undulatory  theory,  all  bodies,  as  well  as  the  celestial  spaces,  are 
filled  by  an  extremely  subtle  elastic  medium,  which  is  called  the  luminiferous 
^her.  The  luminosity  of  a  body  is  due  to  an  infinitely  rapid  vibratory  motion 
of  its  molecules,  which,  when  communicated  to  the  ether,  is  propagated  in  all 
directions  in  the  form  of  spherical  waves,  and  this  vibratory  motion,  being 
thus  transmitted  to  the  retina,  calls  forth  the  sensation  of  vision.  The 
vibrations  of  the  ether  take  place  not  in  the  direction  of  the  wave,  but  in  a 
plane  at  right  angles  to  it.  The  latter  are  called  the  transversal  vibrations. 
An  idea  of  these  may  be  formed  by  shaking  a  rope  at  one  end.  The  vibra- 
tions, or  to  and  fro  movements,  of  the  particles  of  the  rope,  are  at  right 
angles  to  the  length  of  the  rope,  but  the  onward  motion  of  the  wave's  form 
is  in  the  direction  of  the  length. 

On  the  emission  theory  the  propagation  of  light  is  effected  by  a  motion 
or  translation  of  particles  of  light  thrown  out  from  the  luminous  body,  as  a 
bullet  is  discharged  from  a  gun  ;  on  the  undulatory  theory  there  is  no  pro- 
gressive motion  of  the  particles  themselves,  but  only  of  the  state  of  disturb- 
ance which  was  communicated  by  the  luminous  body;  it  is  a  motion  of 
oscillation^  and,  like  the  propagation  of  waves  in  water,  takes  place  by  a  series 
of  vibrations. 

The  luminiferous  ether  penetrates  all  bodies,  but  on  account  of  its 
extreme  tenuity  it  is  uninfluenced  by  gravitation  ;  it  occupies  space,  and 
although  it  presents  no  appreciable  resistance  to  the  motion  of  the  denser 
bodies,  it  is  possible  that  it  hinders  the  motion  of  the  smaller  comets.    It  has 
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been  found,  for  example,  that  Encke's  comet,  whose  period  of  revolution  is 
about  3^  years,  has  its  period  diminished  by  about  o*ii  of  a  day  at  each 
successive  rotation,  and  this  diminution  is  ascribed  by  some  to  the  resistance 
of  the  ether. 

The  fundamental  principles  of  the  undulatory  theory  were  enunciated  by 
Huyghens,  and  subsequently  by  Euler.  The  emission  theory,  principally 
owing  to  Newton's  powerful  support,  was  for  long  the  prevaJent  scientific 
creed.  The  undulatory  theory  was  adopted  and  advocated  by  Young,  who 
showed  how  a  large  number  of  optical  phenomena,  particularly  those  of 
diffraction,  were  to  be  explained  by  that  theory.  Subsequently  too,  though 
independently  of.  Young,  Fresnel  showed  that  the  phenomena  of  diffraction, 
and  also  that  of  polarisation,  are  explicable  on  the  same  theory,  which,  since 
his  time,  has  been  generally  accepted. 

The  undulator>'  theory  not  only  explains  the  phenomena  of  light,  but  it 
reveals  an  intimate  connection  between  these  phenomena  and  those  of  heat 
(429) ;  it  shows,  also,  how  completely  analogous  the  phenomena  of  light  are 
to  those  of  sound,  regard  being  had  to  the  differences  of  the  media  in  which 
these  two  classes  of  phenomena  take  place. 

500.  Xinminous,  transparent,  translueent*  and  opaqita  bodiea. — LMtni- 
nous  bodies  are  those  which  emit  light,  such  as  the  sun,  and  ignited  bodies. 
Transparent  or  diaphanous  bodies  are  those  which  readily  transmit  light, 
and  through  which  objects  can  be  distinguished  :  water,  gases,  polished  glass, 
are  of  this  kind.  Translucent  bodies  transmit  light,  but  objects  cannot  be 
distinguished  through  them  :  ground  glass,  oiled  paper,  &c.,  belong  to  this 
class.  Opaque  bodies  do  not  transmit  light ;  for  example,  wood,  metals,  &c. 
No  bodies  are  quite  opaque  ;  they  are  all  more  or  less  translucent  when  cut 
in  sufficiently  thin  leaves. 

Foucault  showed  that  when  the  object-glass  of  a  telescope  is  thinly 
silvered,  the  layer  is  so  transparent  that  the  sun  can  be  viewed  through  it 
without  danger  to  the  eyes,  since  the  metallic  surface  reflects  the  greater 
part  of  the  heat  and  light. 

501.  Kominoas  raj  and  penotl. — A  luminous  ray  is  the  direction  of  the 
line  in  which  light  is  propagated  ;  a  luminous  pencil  is  a  collection  of  rays 
from  the  same  source  ;  it  is  said  to  be  parallel  when  it  is  composed  of 
parallel  rays,  divergent  when  the  rays  separate  from  each  other,  and  con- 
vergent when  they  tend  towards  the  same  point.  Ever)^  luminous  body  emits 
divergent  rectilinear  rays  from  all  its  points,  and  in  all  directions. 

502.  Propagation  of  ligrbt  in  a  bomoffeneous  mediom. — A  medium  is 
any  space  or  substance  which  light  can  traverse,  such  as  a  vacuum,  air,  water, 
glass,  &c.  A  medium  is  said  to  be  homogeneous  when  its  chemical  compo- 
sition and  density  are  the  same  in  all  parts. 

In  e^'ery  homogeneous  medium  light  is  propagated  in  a  right  line.  For, 
if  an  opaque  body  is  placed  in  the  right  line  which  joins  the  eye  and  the 
luminous  body,  the  light  is  intercepted.  The  light  which  passes  into  a  dark 
room  by  a  small  aperture  leaves  a  luminous  trace,  which  is  visible  from  the 
light  falling  on  the  particles  of  dust  suspended  in  the  atmosphere. 

Light  changes  its  direction  on  meeting  an  object  which  it  cannot  pene- 
trate, or  when  it  passes  from  one  medium  to  another.  These  phenomena 
will  be  described  under  the  heads  reflection  and  refraction. 
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50J.  maAow,  p«nttinbr«. — When  light  falls  upon  an  opaque  body  it  1 
cannoi  penetraic  iiilo  the  space  immediately  behind  li,  and  this  space  n 
c»Ued  the  s/intioiir. 

In  determining  the  exletil  and  the  shapeof  a  shadow  projected  by  a  body, 
two  cases  ate  10  be  distinguished  ;  that  in  which  the  source  of  light  is  a 
single  point,  and  that  in  which  it  is  a  body  of  any  given  extent. 

In  the  first  case,  lei  S  (fig,  40;)  be  the  luminous  point,  and  M  a  spherical 
body,  which   causes  the   shadow.     If  an   infinitely  long  straight  iine,  SG, 
move  round  the 
sphere    M     tan- 
gent ially,  always 
passing    through  I 
the  point  S,  this 
line  will  produce 
a     conical      sur- 
face, which,  be-  ] 

yond  the  sphere,  y.     ^. 

separates       thai 

pottion  of  space  which  is  in  shadow  from  that  which  is  illuniinaled.  In  the 
present  case,  on  placing  a  screen,  PQ,  behind  the  opaque  body  the  limit 
of  the  shadow  HG  will  be  sharply  defined.  This  is  not,  however,  usually 
the  case,  for  luminous  bodies  have  always  a  certain  magnitude,  and  are  not 
ntcrely  luminous  points. 

Suppose  that  the  lumin 
ind  MN  (fig.  406I.     if  an  1 
both  spheres,  al- 
ways cutting  the 
line  of  the  centre  I 
ID   the    point   A,  I 
II    wilt     produce  I 
t  conical  surface  I 
•ith     this     point  I 
for  a  summit, and  I 
which  traces   be-  I 
hind   the   sphere  rig.  t^. 

MN    a    perfectly 

dirk  space  MGHN.  If  a  second  right  line,  LD,  which  cuts  the  line  of 
centre  in  B,  moves  tangentially  to  the  two  spheres,  so  as  to  produce  a  new 
conical  surface,  BDC,  it  will  be  seen  that  all  the  space  outside  this  surface 
is  illuminated,  but  that  the  part  between  the  two  conical  surfaces  is  neither 
quite  dark  nor  quite  light.  So  that  if  a  screen,  PQ,  is  placed  behind  the 
opaque  body,  the  portion  rGi/H  of  the  screen  is  quite  in  the  shadow,  while 
the  (pace  ah  receives  light  from  certain  parts  of  the  luminous  body,  and  not 
from  others.  It  is  brighter  than  the  true  shadow,  and  not  so  bright  as  the 
re»I  of  the  screen,  and  it  is  accordingly  called  l\\t  petiumbni. 

Shadows  such  as  these  are  geometrical  ikadows;  physical  shadovjs,  or 
ihmt  which  are  really  seen,  are  by  no  means  so  sharply  defined.    A  cenain 
jr  of  light  passes  into  the  shadow,  even  when  the  source  of  light  is  a 
I,  and  conversely  the  shadow  influences  the  illuminated  parL    Thi» 


9  and  illuminated  bodie 
infinite  straight  line,  .\G, 


f  4SO 
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I,  which  will  be  afterwards  described,  is  known  by  the  name  o( 
diffraction  (646). 

504.  Zm*Ke*  prodnoetf  tir  •mall  Bpertnrea. — \Mien  luminous  rays, 
which  pass  inlo  a  dark  chamber  through  a  snmil afierfiire,3.K  received  upon 
a  screen,  they  form  images  of  exiemal  objects.  These  images  are  inverted, 
iheir  shape  is  always  that  of  ihe  external  objects,  and  is  independent  of  the 
shape  of  the  aperture. 

The  inversion  of  the  images  arises  from  the  fact  thai  the  luminous  rays 
proceeding  figm  external  objects,  and  penetrating  into  the  chamber,  cross 
one  another  in  passing  the  aperture,  as  shown  in  fig.  407.  "  Continuing  in  a 

straight    tine,  the 
from      the 
pans  meet 
xreen  at  the 
r  pans  ;  and 
iversely,    those 
I  which  come  from 
lower     parts 
the    higher 

Kig.  401.  parlsofthcscreen. 

Hence  the  inver- 
sion of  the  image.  In  the  article  Camera  Obscura,  it  will  be  seen  how  the 
brightness  and  precision  of  these  images  are  increased  by  means  of  lenses. 

In  order  to  show  that  the  shape  of  the  image  is  independent  of  that  of 
the  aperture,  when  the  latter  is  sufficiently  small  and  the  -screen  at  an  ade- 
quate distaneei  imagine  a  triangular  aperture,  O  (fig.  408),  made  in  the  door 

I  dark  chamber, 
and  let  ad  be  a 
screen  on  which  is 
received  the  image 
of  a  tiame,  AB.  A 
divergent  pencil 

from  each   point  of 
the      llame     passes 
through    the    aper- 
f;c.  4^b.  ture,  and   forms  on 

the  screen  a  triangu- 
lar image  resembling  ihe  apenure,  liut  ihe  union  of  all  these  panial  images 
produces  a  total  image  of  the  same  form  as  the  luminous  object.  For  if  we 
conceive  that  an  infinite  straight  line  moves  round  the  aperture,  with  the  con- 
dition that  it  is  always  tangential  to  the  luminous  objea  AB,  and  that  the 
apenure  is  very  small,  the  straight  line  describes  two  cones,  the  apex  of  which 
is  the  aperture,  whileone  of  the  bases  is  the  luminous  object  and  the  other  the 
luminous  object  on  the  screen— that  is,  the  image.  Hence,  if  the  screen  is 
perpendicular  10  the  right  line  joining  the  centre  of  the  aperture  ard  the 
centre  of  the  luminous  body,  the  image  is  similar  to  the  body  ;  but  if  the 
screen  is  oblique,  the  image  is  elongated  in  the  direction  of  its  obliquity. 

~ n  the  shadow  produced  by  foliage  ;  the  luminous  rays 

passing  through  Ihe  leaves  pr.}duce  images  of  the  sun,  which  are  either  rounds 
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or  elliptical,  according  as  the  ground  is  perpendicular  or  oblique  to  the  solar 
nf%  :  and  this  is  the  case  whatever  be  the  shape   of  the  aperture  through 
*hich  tlie  light  passes. 

505.  -Velodty  Bf  llglil.— Light  moves  with  such  a  velocity  that  at  the 
surface  of  the  catth  there  is,  to  ordinary  observation,  no  appreciable  interva 
between  the  occurrence  of  any  luminous  phenomenon  and  its  perception  by 
the  eye.     And,  accordingly,  this  velocity  was  first  determined  by  means  of 

dednred  the  velocity  of  light  from  an  observation  of  the  eclipses  of  Jupiter's 
Snt  satellite. 

Jupiter  is  a  planet,  round  which  four  satellites  revolve,  as  the  moon  does 
round  the  earth.     This  first  satellite.  E  (fig.  409).  suffers  ogailtai ion— that 
IS.  passes  into  Jupi-  ^™^^^^^^^^^^^^^^^^^^^^^^^^^^— 
ler's     shadow  —  at  l^^^^^^^^^^^^^^^^^^^^^^^^^^^l 

of  ^^^^^^^^^^HBB^^^^^^^^^^^^^I 

are  ^^H|^^^^|^^^^^^S^B^^^^^^^BI 

the    eanh  ^^^^^^^^^^^^■^B^B^^SS 
mcn-es       that  part  ^^^^^^^^^^^^^^^^^^^^Hj^^^^^^H 

nearest  Jupiter,  its  ■^^^^^^^^^■^^^^■^^^H 

distance  from  that                                           p|g  ^^ 

planet     does     not 

nuteiialfy  alter,  and  the  intervals  between  two  successive  occultalions  of 

ihc  satellite  are  approximately  the  same ;  but,  in  proportion  as  the  earth 

occultalions  Increases,  and  when,  at  the  end  of  six  months,  the  earih  has 
paued  from  the  position  T  to  the  position   T',  a   total  relardalion  of  16m. 
35s.  is  observed  belween  the  lime  at  which  the  phenomenon  is  seen  and 
that  at  which  it  is  calculated  to  take  place.     But  when  the  earth  was  in  the 
position  T,  the  sun's  light  reflected  from  the  satellite  E  had  to  traverse  the 
distance  ET,  while  in  the  second  position  Hie  light  had  to  traverse  the 
distance  ET'.    This  distance  exceeds  the  first  by  the  quantity  TT",  for, 
from  ihe  great  distance  of  the  satellite  E,  the  rays  ET  and  ET'  may  be 
tonsidered  parallel.     Consequently,  light  requires  16m.  36s.  to  travel  the 
diameter  XT'  of  the  terrestrial  orbit,  or  twice  the  distance  of  the  earth  from 
ihe  sun,  which  gives  for  its  velocity  190,000  miles  in  a  second. 

The  stars  nearest  the  earth  are  separated  from  it  by   at  least  306,365 
times  Ihe  distance  of  the  sun.     Consequently,  the  light  which  they  send 
ttquires  more  than  3  years  to  reach  us.     Those  stars,  which  are  only  visible 
by  means  of  the  telescope,  are  possibly  at  such  a  distance  thai  thousands 
of  years  would  be  required  for  their  light  to  reach  our  planetary  system. 
They  might  have  been  extinguished  for  ages  without  our  knowing  it. 

"W  the  use  of  the  rotating  mirror,  which  was  adopted  by  Wheatstone  in 

neafuring  the  velocity  of  electricity.                                                                 , 

In  the  description  of  this  apparatus,  a  knowledge  of  the  principal  w    ' 
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perties  of  mirrors  and  of  lenses  is  presupposed.  Fig.  410  represents  the 
chief  parts  of  Foucaull's  arrangement.  The  window  shutter,  K,  of  a  dark 
chamber  is  perforated  by  a  square  aperture,  behiird  which  the  platinum 
ilretched  vertically.  A  beam  of  solar  light  reflected  from  the  out- 
side upon  a  mirror  enters  the  dark  room  by  the  square  aperture,  meets  the 
platinum  wire,  and  then  traverses  an  achromatic  lens,  L,  with  a  long  focus, 
placed  ai  a  distance  from  the  platinum  wire  less  than  double  the  principal 
focal  distance.  The  image  of  the  platinum  wire,  more  or  less  magnified, 
would  thus  be  formed  on  the  axis  of  the  lens  ;  but  the  luminous  pencil, 
having  traversed  the  lens,  impinges  on  a  plane  mirror,  m,  rotating  with  great 
velocity  ;  it  is  reflected  from  this,  and  forms  in  space  an  image  of  the 
platinum  wire,  which  is  displaced  with  an  angular  velocity  double  that  of  the 
(jio).     This  im.ige  is  reficcted  by  a  concave  mirror,  M,  whose  centre 


L 


cides  with  the  axis  of  rotation  of  the  mirror  <«,  and  with  its 
e  of  figure.  The  pencil  reflected  from  the  mirror  M  returns  upon  itself, 
is  again  reflected  from  the  mirror  w,  traverses  the  lens  a  second  lime,  and 
forms  an  image  of  the  platinum  wire,  which  appears  on  the  wire  itself  so 
long  as  the  mirror  m  turns  slowly. 

In  order  to  see  this  image  without  hiding  the  pencil  of  light  which  enters 
by  the  aperture  in  K,  a  mirror  of  unsilvercd  glass,  V,  with  parallel  faces,  is 
placed  between  the  lens  and  the  wire,  and  is  inclined  so  that  the  reflected 
rays  fall  upon  a  powerful  eyepiece,  P. 

The  apparatus  being  arranged,  if  the  mirror  m  is  at  rest,  the  ray  after 
meeting  M  is  reflected  to  «,  and  from  thence  returns  along  its  former  path, 
till  it  meets  the  glass  plate  V  in  a,  and  being  partially  reflected,  forms  at  d— 
the  distance  ad  being  equal  to  no— an  image  of  the  wire,  which  the  eye  is 
enabl  ed  to  observe  by  means  of  the  eyepiece,  P.  If  the  mirror,  instead  of 
being  fixed,  is  moving  slowly  round^its  axis  being  at  right  angles  to  the 
plane  of  the  paper — there  will  be  no  sensible  change  in  the  position  of  the 
mirror  m  during  the  brief  interval  elapsing  while  light  travels  from  m  to  M 
and  back  again,  but  the  image  will  alternately  disappear  and  reappear,     if 
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:;o'A  the  vcloeiiy  i)f  M  is  increased  to  upwards  of  '^o  turns  per  second,  the 
inten'al  between  the  disappearance  and  reappearance  is  so  short  that  the 
impression  on  the  eye  is  persistent,  and  the  image  appears  perfectly  steady. 

Lastly,  if  the  mirror  turns  with  sufficient  velocity,  there  is  no  appreciable 
change  in  its  position  during  the  time  which  the  light  takes  in  making  the 
double  journey  from  ;//  to  M,  and  from  M  to  ;// ;  the  return  ray,  after  its 
reflection  from  the  mirror  ///,  takes  the  direction  mby  and  forms  its  image 
at  / ;  that  is,  the  image  has  undergone  a  total  deviation  di.  Speaking  pre- 
cisely, there  is  a  deviation  as  soon  as  the  mirror  turns,  even  slowly  ;  but  it  is 
only  appreciable  when  it  has  acquired  a  certain  magnitude,  which  is  the  case 
when  the  velocity  of  rotation  is  sufficiently  rapid,  or  the  distance  M/;/  suffi- 
ciently great,  for  the  deviation  necessarily  increases  with  the  time  which  the 
light  takes  in  returning  on  its  own  path. 

In  Foucault's  experiment  the  distance  M;;2  was  only  13^  feet ;  when  the 
mirror  rotated  with  a  velocity  of  600  to  800  turns  in  a  second,  deviations  ot 
io  ^o  t'o  ^  ^  millimetre  were  obtained. 

Tsddng  Mm-/,  Lw-/',  oL^r,  and  representing  by  n  the  number  of 
turns  in  a  second,  by  d  the  absolute  deviation  {ii\  and  by  V  the  velocity  of 
light,  Foucault  arrived  at  the  formula 

Y     SirPrtr 

from  which  the  velocity  of  light  is  calculated  at  185,157  miles  in  a  second  ; 
this  number,  which  is  less  than  that  ordinarily  assumed,  agrees  remarkably 
^-ell  with  the  value  deduced  from  the  new  determinations  of  the  value  of  the 
solar  parallax. 

The  mechanism  by  which  th^  mirror  was  turned  consisted  of  a  small 
steam  turbine,  bearing  a  sort  of  resemblance  to  the  syren,  and,  like  that 
instrument,  giving  a  higher  sound  as  the  rotation  is  more  rapid  :  in  fact,  it 
is  by  the  pitch  of  the  note  that  the  velocity  of  the  rotation  is  determined. 

In  this  apparatus  liquids  can  be  experimented  upon.  For  that  purpose 
a  tube,  AB,  10  feet  long,  and  filled  with  distilled  water,  is  placed  between  the 
turning  mirror  ///,  and  a  concave  mirror  M',  identical  with  the  mirror  M. 
The  luminous  rays  reflected  by  the  rotating  mirror,  in  the  direction  ;//M', 
traverse  the  column  of  water  AB  twice  before  returning  to  V.  But  the  return 
ray  then  becomes  reflected  at  c,  and  forms  its  image  at  A  :  the  deviation  is 
consequently  greater  for  rays  which  have  traversed  water  than  for  those 
which  have  passed  through  air  alone  ;  hence  the  velocity  of  light  is  less  in 
water  than  in  air. 

This  is  the  most  important  part  of  these  experiments.  For  it  had  been 
shown  theoretically  that  on  the  undulatory  theory  the  velocity  of  light  must 
be  less  in  the  more  highly  refracting  medium  (638),  while  the  opposite  is  a 
necessary  consequence  of  the  emission  theory.  Hence  Foucault's  result  may 
be  regarded  as  a  crucial  test  of  the  validity  of  the  undulator>'  theory. 

307.  Bsperlments  of  Vtaean. — In  1849  Fizeau  measured  directly  the 
velocity  of  light,  by  ascertaining  the  time  it  took  to  travel  from  Suresnes  to 
Montmartre  and  back  again.  The  apparatus  employed  was  a  toothed  wheel, 
capable  of  being  turned  more  or  less  quickly,  and  with  a  velocity  that  could 
bt  exactly  ascertained.  The  teeth  were  made  of  precisely  the  same  width 
as  the  intervals  between  them.     The  apparatus  being  placed  at  .Suresnes,  f 
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pencil  of  parallel  rays  was  transmitted  through  an  interval  between  two 
teeth  to  a  mirror  placed  at  Monlmartre.  The  pencil,  directed  by  a  propcHy 
arranged  system  of  tubes  and  lenses,  returned  lo  the  wheeL  As  longastht 
apparatus  was  at  rest  the  pencil  returned  exactly  through  the  same  interri] 
as  that  through  which  it  first  set  out.  But  when  the  wheel  was  tunicd 
sufficiently  fast,  a  tooth  was  made  to  take  the  place  of  an  interval,  andtbe 
ray  was  intercepted.  By  causing  the  wheel  to  turn  more  rapidly,  it  re- 
appeared when  the  interval  between  the  next  two  teeih  had  taken  the  place 
of  the  former  tooth  at  the  instant  of  the  return  of  the  pencil. 

The  distance  between  the  two  stations  was  28,354  ft.  By  means  of  iIk 
data  furnished  by  this  distance,  by  the  dimensions  of  the  wheel,  its  velocity 
of  rotation,  &c.,  Fizeau  found  the  velocity  of  light  to  be  I96,cxx>  miles  pc 
second— a  result  agreeing  with  that  given  by  astronomical  observation  u 
closely  as  can  be  expected  in  a  determination  of  this  kind. 

Comu  recently  investigated  the  velocity  of  light  by  Fiieau's  method, 
but  with  improvements  so  that  the  probable  error  did  not  exceed  j|j  of  (be  toul 
amount ;  the  two  stations,  which  were  6'4  miles  apaR,  were  a  pavilion  oftbe 
£cole  Pol>'technique  and  a  room  in  the  barracks  of  Mont  Val^rien.  By 
means  of  electromagnetic  arrangements  the  rotation  of  the  toothed  <^ 
and  the  times  of  obscuration  and  illumination,  were  registered  on  ablackenm 
cylinder,  on  the  principle  of  the  method  described  in  {245).  He  thus 
obtained  the  number  185,420  miles — a  result  closely  agreeing  with  tt** 
of  Foucault,  and  which  is  supported  by  calculations  based  on  the  results  of 
astronomical  observations  of  the  transit  of  Venus  in  1874.  Michelson  made 
a  determination  of  the  velocity  of  light  by  Foucault's  method,  by  which  h« 
obtained  the  result  1 86,380,  with  a  possible  error  of  33  miles. 

508.  UtwB  of  th«  IntODBitT  of  lisbt.— The  intensity  of  illumination  i& 
the  quantity  of  light  received  on  the  unit  of  surface  ;  it  is  subject  to  the  fol' 
lowing  laws  : — 

I.  TAe  intensify  of  itlumination  on  a  given  surface  is  inversely  as  tht 
square  of  its  distance  from  the  source  of  light. 

II.  The  intensity  of  illumination  which  is  received  obliquely  is  propor- 
tional to  the  cosine  of  the  angle  -which  the  luminous  rays  make  imtA  the 
normal  to  the  illuminated  surface. 

In  order  to  demonstrate  the  first  law,  let  there  be  two  circular  screens, 
CD  and  All  (fig.  412),  one  placed  at  a  certain  distance  from  a  source  of 
light,  L,  and  the  other  at 
double  this  distance,  and 
let  s  and  S  be  the  areas 
of  the  two  screens.  If 
a  be  the  total  quantity  of 
light  which  is  emitted  by 
the  source  in  the  direc- 
tion of  the  cone  ALB, 
the  intensity  of  the  light 
on  the  screen  CD— that 
is,  the  quantity  which 
and  the  intensity  on  the  screen  AB  is  ^ 
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ilar,  the  diameter  ofAB  is- 
■s  arc  as  the  squares  of  their 
diameters,  the  surface  S  is  four  times  s.  consequently  the  intensity  -  is  one- 
fourth  that  of  -. 

The  same  law  may  also  be  dcmonstraled  by  an  experiment  with  the- 
Apponttis  represented  in  fig.  414.  It  is  made  by  comparing  the  shadows, 
erf  aa  cipaqiie  rod  cast  upon  a  glass  plaie,  in  one  case  by  the  lijjht  of  a  single 
candle,  and  in  another  by  (hat  of  a  lamp  equalling  four  candles,  placed  at 
double  Ihe  distance  of  the  first.  In  both  cases  the  shadows  ha\'e  the  same 
imens-ity. 

Fig.  41a  shows  that  it  is  owing  to  the  divergence  of  ihe  luminous  ray* 
emitted  ftom  the  same  source  that  the  intensity  of  light  is  inversely  a* 
the  square  of  the  distance.  The  illumination  of  a  surface  placed  in  a  beam 
of  parallel  luminous  rays  is  the  same  at  all  distances,  at  any  rale  in  a  vacuum, 
fnt  ID  aif  and  in  other  transparent  media  the  intensity  of  light  decrease* 
in  cnniiequence  of  absorption,  but  far  more  slowly  than  the  square  of  the 
diiiancc. 

The  second  law  of  intensity  corresponds  to  the  law  which  w 
lu  previil  for  heat  :  it  may  be  theoretically  deduced  as  follow 
EB  ifi);,  413)  Ijc  a  pencil  of  parallel 
n^J  foiling  obliquely  on  a  surface,    | 
AB,  and  let  om  be  the  normal  in 
ihii  surface.      If   S   is   the    section 
«f  the  pencil,  a   the   total   quantity 
of  light  which  faJis  on  the  surface 
AG,  ud   I  that  which  falls  on  the 
unit  of  surface — that  is,  the  intensity 

n'  illuminftiion — we    have  1    =     — .  *'''' 

AH' 
^l  u  S  is  only  the  projection  of  AH  on  a  plane  perpendicular  to  the  pencil . 

•tknow  from  trigonometry  thai  S  =  AB  cos  o,  from   which  AB  =  . 

cos  <1 

Tlii»  nlae,  substituted  in  the  above  equation,  gives  1  -  "  ens  n  ;  a  formula 

•hich  demnnstrates  the  law  of  the  cosine,  for  as  a  and  S  are  constant  quan- 
tmes,  I  is  proportional  to  cos  a. 

The  law  of  the  cosine  applies  also  to  rays  entitled  obliquely  by  a  luminous 
tiubce ;  that  is,  the  rays  are  leas  intense  in  proportion  as  Ihey  arc  more  in- 
clined to  the  surface  which  emits  them.  In  ihis  respect  ihey  correspond  In 
the  third  law  of  the  intensity  of  radiant  heat. 

509.  Vb«ti>met>rB. — A  piiolometer  is  an  apparatus  for  measuring  ihe 
relative  intensities  of  different  sources  of  light. 

Pitia/orifs  photomelfr. — This  consists  of  a  gi'ound  glass  screen,  in  front 
<d  which  is  fixed  an  opaque  rod  (fig.  414} ;  the  lights  to  be  compared— for 
totuocc,  a  lamp  and  a  candle— are  placed  at  a  certain  distance  in  such  a 
that   each  projects  on  the  screen   a  shadow  of  the  rod.     The 
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sbadows  thus  projeaed  are  at  first  of  unequal  intensity,  but  by  altering 
the  position  of  the  lamp,  it  may  be  so  placed  that  Che  intensity  of  the  two 
shadows  is  the  same.  Then,  since  the  shadow  thrown  by  the  lamp  is 
illuminated  by  the  candle,  and  that  thrown  by  the  candle  is  illuminated 
by  the  lamp,  the  illumination  of  the  screen  due  to  each  light  is  the  same. 


The  intensities  of  the  tivo  lights— that  is,  the  illuminations  which  they 
would  give  at  equal  distances — are  then  directly  proportional  to  the  squares 
of  their  distances  from  the  shadows  ;  that  is  to  say,  that  if  the  lamp  is  three 
times  the  distance  of  the  candle,  its  illuminating  power  is  nine  times  as 
great. 

For  if  i  and  /'  are  the  intensities  of  the  lamp  and  the  candle  at  the  unit 
of  distance,  and  d  and  d'  their  distances  from  the  shadows,  it  follows,  from 
the  first  law  of  the  intensity  of  light,  that  the  intensity  of  the  lamp  at  the 
distance  d  is  -'  and  that  of  the  candle        at  the  distance  ^.     On  the  screen 


these  two 


s  are  equal ;  hence  -  - 


s  to  be 


lous  paper,  the  part  appears  translucent.     If  the  paper  be  illuminated  by  a 
light  placed  in  front,  the  spot  appears  darker  than  the  surrounding  space ; 
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if,  on  the  contrary,  it  be  illuminaicd  from  behind,  the  spot  appears  light  on 
d  dark  ground.  If  the  greased  part  and  ihe  rest  appear  uachanged,  the  in- 
tensity of  illumination  on  both  sides  is  the  same.  Bunscn's  photometer 
depends  on  an  application  of  this  principle.  Us  essentia]  features  are  re- 
presented in  fig.  415.  A  circular  spot  is  made  on  a  paper  screen  by  means 
of  a  solution  of  spermaceti  in  naphtha  :  on  one  side  of  this  is  placed  a  light 
of  a  certain  intensity,  which  serves  as  a  standard ;  in  London  it  is  a  sperm 
candle  of  six  to  the  pound,  and  burning  1 20  grains  in  an  hour.  The  tight  lo 
be  tested,  a  petroleum  lamp  or  a  gas  burner  consuming  a  certain  volume  of 
gas  in  a  given  time,  is  then  moved  in  a  right  line  to  such  a  distance  on  the 
other  side  of  the  screen  thai  there  is  no  difference  in  brightness  between 
ihe  greased  part  and  the  rest  of  the  screen.  By  measuring  the  distances  of 
the  lights  from  the  screen  by  means  of  Ihe  scale,  their  relative  illuminating 
powers  are  respecliveiy  as  the  squares  of  their  distances  from  the  screen. 

The  difficulty  of  getting  more  carefully  constructed  candles  to  give  a 
light  sufficiently  uniform  for  standard  purposes,  has  led  Harcourt  to  adopt 
as  unit  the  light  formed  by  burning  a  mixture  of  7  volumes  peniane  gas,  and 
;o  volumes  of  air  at  Ihe  rate  of  half  a  cubic  foot  in  an  houi,  in  a  specially 
cunslructed  burner  so  as  lo  produce  a  flame  of  a  dcfinile  height.  This  has 
been  found  to  answer  well  in  practice. 

By  ihis  kind  of  determination  the  degree  of  accuracy  which  can.  be 
aitained  is  not  so  greai  as  in  many  physical  determinations,  more  especially 
■when  the  lights  to  be  compared  are  of  different  colours  ;  one,  for  Instance, 
being  yellow,  and  Ihe  other  of  a  bluish  tint,  li  gives,  however,  reauhs  which 
»re  sufficiently  accurate  for  practical  purposes,  and  is  almost  universally 
employed  for  deiermining  the  illuminating  power  of  coal  gas  and  of  other 
ailificul  lights. 

WheiUslon^s  photometer. — The  principal  pari  of  this  insli 
aiecl  bead,  P  (lig.  416),  fixed  on  the  edge  of  a  disc,  which  r 
pinion,  <>,  working  in  a  larger  toothed 
wheel.    The  wheel  fits  in  a   cylin- 
drica)  brass  box,  which  is  held  in  one 
hand,  while  the  other  works  a  handle, 
A,   which   turns   a   central   axis,  the    , 
motion  of  which  is  transmitted  by  a 
tpoke,  11,  to  the  pinion  o.     In  this 
way  the  Uiicr  turns  on   itself,  and 

at  the  same  time  revolves  round  the  *'A-  *'^  *ig-  4'j. 

circumference  of  the  box  ;  the  bead  shares  the  double  motion,  and  con- 
teqiKntly  describes  a  curve  in  the  form  of  a  rose  (fig.  417). 

Now,  lei  M  and  N  be  the  two  lights  whose  intensities  are  to  be  com- 
pared ;  the  pholnmetcr  is  placed  between  them  and  rapidly  rotated.  The 
brilliant  points  produced  by  Ihe  reflection  of  the  light  on  the  two  opposite 
sides  of  the  bead  give  rise  lo  two  luminous  bands,  arranged  as  represented 
in  fig,  417.  If  one  cif  Ihcm  is  more  brilliant  than  the  other^ihat  which  pro. 
feeds  from  the  light  M,  for  instance— the  instrument  is  brought  nearei 
other  light  until  the  two  bands  exhibit  the  same  brightness.  The  disi 
of  ibc  photometer  from  each  of  the  two  lights  being  then  measured,  their 
intcnuiiet  ate  proportional  lo  the  squares  of  the  distances. 
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5  lo.  BelatlTe  InteDsitles  of  ▼mrious  sovrees  of  llflit. — ^The  light  of  the 
sun  is  600,000  times  as  powerful  as  that  of  the  moon  ;  and  16,000,000,000 
times  as  powerful  as  that  of  a  Certtauri,  the  third  in  brightness  of  all  the 
stars,  llie  moon  is  thus  27,000  times  as  bright  as  this  star ;  the  sun  is  5,500 
million  times  as  bright  as  Jupiter,  and  80  billion  times  as  bright  as  Neptune. 
Its  light  is  estimated  to  be  equal  to  that  of  5,500  wax  candles  at  a  distance  of 
I  foot.  According  to  Fizeau  and  Foucault  the  electric  light  produced  by  50 
Bunsen's  cells  is  about  \  as  strong  as  sunlight. 

A  difference  in  the  strength  of  light  or  shadow  is  perceived  when  the 
duller  light  is  |§  of  the  brightness  of  the  other,  and  both  are  near  together, 
especially  when  the  shadow  is  moved  about. 


»^« 


■:» 


\ 


w» 


-5U] 


Laws  of  the  Reflection  of  Light, 


459 


CHAPTER   II. 

REFLECTION  OF  LIGHT.      MIRRORS. 

511.  S*ws  of  tlie  refleettoii  of  llglit. — When  a  ray  of  light  meets  a 
polished  surface,  it  is  reflected  according  to  the  two  following  laws,  which, 
as  we  have  seen,  also  hold  for  heat. 

I.  The  angle  of  reflection  is  equal  to  the  angle  of  incidence, 

II.  The  incident  and  the  reflected  ray  are  both  in  the  same  plane^  which 
is  perpendicular  to  the  reflecting  surface. 

The  words  are  here  used  in  the  same  sense  as  in  article  411,  and  need 
no  further  explanation. 

First  proof — The.  two  laws  may  be  demonstrated  by  the  apparatus 
represented  in  fig.  418.  It  consists  of  a  graduated  circle  in  a  vertical  plane. 
Two  brass  slides  move  round  the  cir- 
cumference ;  on  one  of  them  there  is 
a  piece  of  ground  glass,  P,  and  on  the 
other  an  opaque  screen,  N,  in  the 
centre  of  which  is  a  small  aperture. 
Fixed  to  the  latter  slide  there  is  also 
a  mirror,  M,  which  can  be  more  or  less 
inclined,  but  always  remains  in  a  plane 
perpendicular  to  the  plane  of  the  gra- 
duated circle.  Lastly,  there  is  a  small 
polished  metallic  mirror,  m^  placed 
horizontally  in  the  centre  of  the  circle. 

In  making  the  experiment,  a  pencil 
of  solar  or  any  suitable  artificial  light, 
S,  is  caused  to  fall  on  the  mirror 
M,  which  is  so  inclined  that  the  re- 
flected light  passes  through  the  aper- 
ture in  N,  and  falls  on  the  centre  of 
the  mirror  m.  The  luminous  pencil 
then  experiences  a  second  reflection 
in  a  direction  mP,  which  is  ascertained 
by  moving  P  until  an  image  of  the  aperture  is  found  in  its  centre.  The 
number  of  degrees  comprised  in  the  arc  AN  is  then  read  off,  and  likewise 
that  in  AP  ;  these  being  equal,  it  follows  that  the  angle  of  reflection  A//rP 
is  equal  to  the  angle  of  incidence  A/»M. 

The  second  law  follows  from  the  arrangement  of  the  apparatus,  the  plane 
of  the  rays  Mm  and  mV  being  parallel  to  the  plane  of  the  graduated  circle, 
and,  consequently,  perpendicular  to  the  mirror  ///. 

X  2 


.^*--  ^ 
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Fig.  418. 


4<3o  Oh  Light.  pU- 

Secoiid  proof .—T\m  law  of  the  reflection  of  light  may  also  be  demon- 
siraied  by  the  following  experiment,  which  is  susceptible  of  greater  accnracy 
than  that  just  described  : — In  the  centre  of  a  graduated  circle,  M  (fig.  419), 
placed  in  a  vertical  position,  there  is  a  small  telescope  movable  in  a  plane 
parallel  to  Ihe  limb  ;  at  a  suitable  distance  there  is  a  vessel  D  full  of  mercury, 
which  forms  a  perfectly  horizontal  plane  mirror.  Some  particular  star  of 
the  first  or  second  magniiudc  is  viewed  through  the  telescope  in  the  direction 
AE,  and  the  telescope  is  then  inclined  so  as  to  receive  the  ray  AD  coming 
from  the  star  after  being  reflected  from  the  brilliant  surface  of  the  mercury. 


In  this  way  the  two  angles  formed  by  the  rays  EA  and  DA,  with  the  hori- 
zontal AH,  are  found  to  be  equal,  from  which  it  may  easily  be  shown  that 
the  angle  of  incidence  E'DE  is  equal  to  the  angle  of  reflection  EDA.  For 
if  DE  is  the  nornial  to  the  surface  of  the  mercury,  it  is  perpendicular  to  AH, 
and  AEI),  ADE  are  the  complements  of  the  equal  angles  EAH,  UAH  ; 
therefore  .^ED,  ADE  are  equal  ;  but  the  two  rays  AE  and  UE'  may  be 
considered  parallel,  in  consequence  of  Ihe  great  distance  of  the  star,  and 
therefore  the  angles  EDE'  and  DEA  are  equal,  for  they  are  alternate  angles, 
and,  consequently,  the  angle  E'DE  is  equal  to  the  angle  EDA. 

RKKLECTIOS  OF  i.IGHT   FROM  PLANE  SURF.^CES. 

512.  Mirror*.  Taamttmn— Mirrors  are  bodies  with  polished  surfaces, 
which  show  by  reflection  objeas  presented  to  them.  The  place  at  which 
objects  appear  is  their  image.  According  to  their  shape,  mirrors  are  divided 
iiAo  plane,  concai'e,  convex,  spherical,  parabolic,  conical,  &c. 

;i3.  rormftUon  of  ImaKeB  by  plsna  mlrrarB.— The  determination  of 
the  position  and  siie  of  images  resolves  itself  into  investigating  the  images 
of  a  series  of  points.  .And  first,  the  case  of  a  single  point,  A,  placed  in  front 
of  a  plane  mirror,  MN  ffig.  420},  will  be  considered.  Any  ray,  .^B,  incident 
from  this  point  on  the  mirror,  is  reflected  in  the  direction  ](0,  making  the 
angle  of  reflection  DUO  equal  to  the  angle  of  incidence  DBA. 

If,  now,  a  perpendicular,  AN,  be  let  fall  from  the  point  .\  on  the  mirror. 


and  if  the  ray  OB  be  prolonged  below  the  mirror  until  it  meets  this  perpen- 
dicular in  the  point  a,  two  triangles  are  formed,  ABN  and  BNa,  which  are 
equal,  for  they  have  the  side  UN  common  to  both,  and  the  angles  ANB, 
ABN.  equal  lo  the  angles  aNB,  aBN  ;  for  the  angles  ANB  and  oNB  are 
right  angles,  and  the  angles  ABN  and  aBN  are  each  equal  to  the  angle 
UBM.  From  the  equality  of  these  triangles,  it  follows  that  oN  is  equal  lo 
AN  ;  that  is,  ihai  any  ray,  AB,  takes  such  a  direction  after  being  reflected, 
that  Its  prolongation  below  the  mirror  cuts  the  perpendicular  Aa  in  the  point 
a.  »hich  is  at  the  same  distance  from  the  mirror  as  the  point  A.  This  ap- 
plies also  to  the  case  of  any  other  ray  from  the  point  A— AC,  for  example. 


film  this  the  important  consequence  follows,  that  ail  rays  from  the  point 
A.  teflecicd  from  the  mirror,  ^//oic,  a/l^r  reflection,  the  same  direction  as  if 
Ikty  had  all  proceeded  from  the  point  a.     TIte  eye  is  deceived,  and  sees  the 
paint  A  at  a,  as  if  it  were  really  situated  at  a.     Hence  in  plane  mil 
inagf  of  any  point  ii  formed  behind  the  mirror  at  a  disinnee  equal  to  that  of   ^ 
the  given  pmnt,  ami  on  the  perpendicular  let  fall  from  this  point  on  thi 

It  is  manifest  that  the  image  of  any  object  will  be  obtained  by  construct- 
in-^,  XGCording  to  this  rule,  the  image  of  each  of  its  points,  or,  at  least,  of  those    | 
which  are  suflicieni  to  determine  its  form.     Fig.  421  shows  how  the  Image    1 
ai  of  any  object,  AB,  is  formed. 

It  follows  from  this  construction  that  in  plane  mirrors  the  image  is  of  the 
tame  3itt  m  the  object ;  for  if  the  trapeiiumABCU  be  applied  lo  the  trapeiium    . 
I>Ca#,  they  are  seen  to  coincide,  and  the  object  AB  agrees  with  its  image. 

A  further  consequence  from  the  above    construction  is,   that  in  plane 
mirrt^t^  the  image  is  symmetrical  in  reference  to  the  object,  and  not  inverted. 

514.  Vlrtaal  sad  real  ImacBB-— There  are  two  cases  relative  to  the 
direction  of  rays  reflected  by  mirrors  according  as  the  rays  after  reflection 
arc  convergent  or  divergent.  In  the  first  case  the  reflected  rays  do  not  meet, 
but  if  ibey  are  supposed  to  be  produced  on  the  other  side  o(  the  mirror,  their 
ptalongat ions  coincide  in  the  same  point,  as  shown  in  ligs.  419  and  420. 
The  eye  is  then  affected  just  as  if  the  rays  proceeded  from  this  point,  and 
11  sees  in  image.  But  the  image  has  no  real  e\isience,  the  luminous  rays  do  I 
dot  come  from  the  other  side  of  the  mirror :  this  appearance  is  called  the 
virtvai  image.  The  images  of  real  objects  produced  by  plane  mirrors  are  J 
of  this  kind. 

In  the  second  case,  where  the  reflected  rays  converge,  of  which  we  9 


462 


On  Light. 


[514- 

soon  have  an  example  in  concave  mirrors,  (he  rays  coincide  at  a  point  in 
front  of  the  mirror,  and  on  the  same  side  as  the  object.  They  form  there  an 
image  called  the  rtal  imagr,  for  it  can  be  received  on  a  screen.  The  dis- 
tinction may  be  expressed  by  saying  that  real  images  are  those  fomud by  tkt 
reflecUd  rays  themselves,  iind  virtual  images  those  formed  by  their  prolon- 
gations. 

515.  Multiple  liiiac«>   tBnnad   by   fflasa   ntrr«T«. — MetalHc  mirrors 
which  have  but  one  reflecting  surface  only  give  one  image  ;  glass  mirrors 
give  rise  to  several  images,  which  are  readily  ob- 
served  when   the   image  of  a   candle  is   looked  at 
obliquely  in  a  looking-glass.     A  very  feeble  im^e 
s  first  seen,  and  then  a  very  distinct  one  ;  behind 
I   this  there  are  several  others,  whose  intensities  gra- 
!   dually  decrease  until  they  disappear. 

liiis  phenomenon  arises  from  the  looldng-^ass 
I   having  two  reflecting    surfaces.      When    the    rays 
from  the  point  A  meet  the  same  surface,  a  part  is 
reflected  and  forms  an  im^e,  a,  of  tfae  point  A,  on 
^*  '"■  the  prolongation    of  the  ray  SE,  reflected  by  this 

surface;  the  other  part  passes  into  the  glass,  and  is  reflected  at  f,  from  the 
layer  of  metal  which  covers  the  hinder  surface  of  the  glass,  and  reaching  the 
eye  in  the  direction  dW  gives  the  image  a'.  This  image  is  distant  from  the 
first  by  double  the  thickness  of  the  glass.  It  is  more  distinct,  because  metal 
reflects  belter  than  glass. 

In  regard  lo  other  images  it  will  be  remarked  that  whenever  light  is 
transmitted  from  one  medium  to  another — for  instance,  from  glass  to  air — 
only  some  of  the  rays  get  through  ;  the  remainder  are  reflected  at  the  surface 
which  bounds  the  two  media.  Consequently  when  the  pencil  ed,  reflected 
from  c,  attempts  lo  leave  the  glass  at  d,  most  of  the  rays  composing  it  pass 
into  the  air,  but  some  are  reflected  at  d,  and  continue  within  the  glass. 
These  are  again  reflected  by  the  metallic  surface,  and  form  a  third  image  of 
A;  after  this  reflection  they  come  to  MN,  when  many  emerge  and  render 
the  third  image  visible  ;  but  some  are  again  reflected  within  the  glass,  and 
in  a  similar  manner  give  rise  to  a  fourth,  fifth, 
&c.,  image,  thereby  completing  the  series 
above  described.  It  is  manifest  bara  the 
above  explanation  that  each  image  must  be 
much  feebler  than  the  one  preceding  it,  and 
consequently  not  more  than  a  small  number 
are  visible— ordinarily  not  more  than  eight 
or  ten  in  all. 

This  multiplicity  of  images  is  objection- 
able in  observations,  and,  accordingly,  me- 
tallic mirrors  are  to  be  preferred  in  optical 


FiK.4>y  516.  Knltlpla  ImayaB  fMm  tw«  plaae 

mlrrora.— When  an  object  is  placed  be- 
tween two  plane  mirrors,  which  form  an  angle  with  each  other,  either  right 
or  acute,  images  of  the  object  are  formed,  the  number  of  which  increases 
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wLih  the  inclination  of  ihe  mirrors.  If  they  are  at  right  angles  to  each; 
other,  three  images  are  seen,  arranged  as  represented  in  fig.  433.  The  rayi 
OC  and  OD  from  the  point  O,  after  a  single  reftecilon,  give  the  one  an 
image  O',  and  the  other  an  image  O",  while  the  ray  OA,  which  has  under- 
gone two  reflections  at  A  and  I!,  gives  the  third  image  O"'.  When  the 
;uigk  of  the  mirrors  is  60°.  five  images  are  produced,  and  seven  if  it  is  45°. 
The  number  of  images  continues  to  increase  in  proportion  as  ihe  angle 
diminishes,  and  when  it  is  zero — that  is,  when  the  mirrors  are  parallel — the 
number  of  images  is  theoretically  infinite.  This  multiplicity  arises  from  the 
fact  thai  the  luminous  rays  undergo  an  increasing  number  of  reflections 
from  one  mirror  to  the  other. 

The  kaUitioscope,  invented  by  Sir  D.  lirewster,  depends  on  this  property 
of  inclined  mirrors.  It  consists  of  a  tube,  in  which  are  three  mirrors  inclined 
al  60°  ;  one  end  of  the  tube  is  closed  by  a  piece  of  ground  glass,  and  the 
other  by  a  cap  provided  with  an  aperture.  Small  irregular  pieces  of  coloured 
glass  are  placed  at  one  end  between  the  ground  glass  and  another  glass  disc, 
and  an  looking  through  the  aperture,  the  other  end  being  held  towards  the 
light,  the  objects  and  their  images  arc  seen  arranged  in  beautiful  symmetrical 
Inrms  \  by  turning  the  lube,  an  almost  endless  variety  of  these  shapes  is 
obtained. 

J17.  Multiple  li>uw«*  In  twopluie  parallel mlrrorfl.^In  this  case  the 

number  of  images  of  an  object  placed  between  Ihem  is  theoretically  infinite. 

Physically  the  number  is  limited,  for  as  the  incident  light  is  never  totally  re- 

liected,  sonic  of  it   being  always  absorbed,  the   images  gradually  become 

fainter,  and  are  ultimately  quite  extinguished. 

Fig.  414  shows  how  the  pencil  La  reflected  once  from  M  gives  at  I  the 

imageof  the  object  Lat  a  distance  MI  =  ML;  then  the  pencil  L*  reflected 


I 


once  from  the  mirror  M,  and  once  from  N,  furnishes  the  image  I' at  a  distance 
itV ^h\  ;  in  like  manner  the  pencil  Lf,  after  two  reflections  on  M,  and 
on  N,  forms  the  image  I"  at  a  distance  wir'-ynl',  and  so  on  for  an  infini) 
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series.    The  images  1,  /',  /"  are  formed  in  the  same  maimer  by  rays  of  light, 
which  emitted  by  the  object  L  fall  first  on  the  mirror  N. 

518.  Irrernlar  refleetlon.  BUAt'sad  Uglit. — The  reflection  from  the 
surfaces  of  polished  bodies,  the  laws  of  which  have  just  been  stated,  is  called 
the  regular  or  specular  reflection  ;  but  the  quantity  thus  reflected  is  less  than 
that  of  the  incident  light.  The  light  incident  on  an  opaque  body  separates 
in  fact  into  three  parts  :  one  is  reflected  regularly ^  another  irregularly — that 
is,  in  all  directions  ;  while  a  third  is  extinguished,  or  absorbed  by  the  reflect- 
ing body.  If  light  falls  on  a  transparent  body,  a  considerable  portion  is 
transmitted  with  regularity. 

The  irregularly  reflected  light  is  called  scattered  light :  it  is  that  which 
makes  bodies  visible  (502).  The  light  which  is  reflected  regularly  does  not 
give  us  the  image  of  the  reflecting  surface,  but  that  of  the  body  from  which 
the  light  proceeds.  If,  for  example,  a  beam  of  sunlight  be  incident  on  a  well- 
polished  mirror  in  a  dark  room,  the  more  perfectly  the  light  is  reflected  the 
less  visible  is  the  mirror  in  the  different  parts  of  the  room.  The  eye  does 
not  perceive  the  image  of  the  mirror,  but  that  of  the  sun.  If  the  reflecting 
power  of  the  mirror  be  diminished  by  sprinkling  on  it  a  light  powder,  the 
solar  image  becomes  feebler,  and  the  mirror  is  visible  from  all  parts  of  the 
room.  Perfectly  smooth,  polished  reflecting  surfaces,  if  such  there  were, 
would  be  invisible.  The  beam  of  light  itself  is  only  seen  in  the  room  owing 
to  irregular  reflections  from  the  particles  of  dust,  and  the  like,  which  are 
floating  in  the  air.  Tyndall  has  shown  that  when  this  floating  matter  in  the 
air  in  an  enclosed  space  is  completely  removed,  the  beam  of  sunligLt  or  the 
electric  light  is  quite  invisible.  The  atmosphere  diffuses  the  light  which 
falls  on  it  from  the  sun  in  all  directions,  so  that  it  is  light  in  places  which  do 
not  receive  the  direct  rays  of  the  sun.  Thus,  the  upper  layers  of  the  air 
diffuse  the  light  which  they  receive  before  sunrise  and  sunset,  and  accord- 
ingly give  rise  to  the  phenomenon  of  twilight. 

519.  Zntensity  of  reflected  liylit. — The  intensity  of  reflected  light  is 
always  less  than  that  of  the  incident  light,  for  some  of  the  original  vibrations 
are  converted  into  vibrations  of  the  reflecting  surfaces.  The  intensity  increases 
with  the  obliquity  of  the  incident  ray.  For  instance,  if  a  sheet  of  white 
paper  be  placed  before  a  candle,  and  be  looked  at  very  obliquely,  an  image 
of  the  flame  is  seen  by  reflection,  which  is  not  the  case  if  the  eye  receives 
less  oblique  rays. 

The  intensity  of  the  reflection  varies  with  diflferent  bodies,  even  when 
the  degree  of  polish  and  the  angle  of  incidence  are  the  same.  Thus  A^-ith  a 
perpendicular  incidence  the  reflected. light  is  \  of  the  incident  in  the  case  of 
that  reflected  from  a  metal  mirror,  J  from  mercury,  ^^  from  glass,  and  ^^  from 
water.  It  also  varies  with  the  nature  of  the  medium  which  the  ray  is  tra- 
versing before  and  after  reflection.  Polished  glass  immersed  in  water  loses 
a  great  part  of  its  reflecting  power. 

520.  Reflection  of  a  ray  of  li^lit  in  a  rotating*  mirror. — When  a  hori- 
zontal ray  of  light  falls  on  a  plane  mirror  which  can  rotate  about  a  vertical 
axis,  if  the  mirror  is  turned  through  an  angle  a,  the  reflected  ray  is  turned 
through  double  the  angle. 

Let  nm  (fig.  425)  be  the  first  position  of  the  mirror,  //'w'  its  position  after 
it  has  been  turned  through  the  angle  a  ;  and  let  OD  be  the  fixed  incident 
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its  ihc   incident  ray. 
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ray.     If  from  ihe  cenire  of  rotation  C,  with  any  radiu 
cumference  Omtu  and  from  the  point  O,  where  it  < 
choids  OO'  and  OO"  are  drawn' perpendicular 
icspectively  to  ntn  and  m'n'  ;  the  points  O'  a 
V  are  the  images  of  the  point  O  in  the  i 
positions  of  the  mirror,  and  the  angles  CO'U    I 
and  CO"D' arc  each  equal  to  COD.     The  lines 
O'D  and  0"D',  ihiis  making  equal  angles  with   | 
(I'C  and  0"C,lhe  angle  between  Ihc  two  forme 
lines   is  equal  to  that  between  the  two  latier 
ihal  is,  it  will   be  equal  to  O'CO",  and  will   be    I 
measured   by  the  arc  O'O".     The  rotations  of  | 
the  reflected  ray  and   of  the   mirror   a 
mcisured  by  the  two  arcs  O'O"  and   ; 
spectively. 

Now,  I  he   two  angles  O'OO"  and  mCw' are  equal,  for  the  y  have  their    , 
sides  perpendicular  each  to  each  ;  but  Ihe  angle  O'OO",  which  is  an  angle 
ai  the  circumference,  is  measured  by  half  the  arc  O'O",  and  the  angle 
mZm'  by  the  whole  arc  mm' \  hence  O'O"  is  the  double  of  mm\  which  J 
shows  that  when  the  mirror  has  turned  through  an  angle  p,  the  reflected  ray  J 
has  turned  through  zo. 

J3I.  Smdler'a  xeaaDttiiK  seztant. — The   principal   features  of  this  in-J 
Uniment,  which  is  used  to  measure  the  angular  distance  of  any  two  distant  J 
objects,  are  represented  in  fig.  426.    It  consists  of  ametal  si 
of  which  is  graduated.  About  , 

the  centre  of  the  sector,  an         „,  '/ 

index  arm,  ab,  turns  ;  this  is 
provided  with  a  vernier  and 
a  micrometer  screw,  by  which 
Ihe  index  may  he  accurately 
adjusted  and  also  clamped. 
A  mirror  at  a  is  fixed  perpen- 
dicularly to  the  arm  a*,  and 
therefore  moves  with  it.  A 
telescope  lU  is  permanently 
liied  to  the  arm  ae,  and  oppo- 
site to  it  is  a  second  mirror 
m,  also  permanently  fixed  \ 
the  lower  half  of  this  is 
Mtvcred,  and  the  axis  of  the 
telescope  just  traverses  the 
bonndjir)-  of  the  silvered  and 
unsilvercd  part  of  the  mirror.  Kig  ,,,<.: 

In  making  an  observation, 
the  sextaDI  is  held  so  that  its  plane  may  pass  through  both  the  objects  whose 
&ng;ular  distance  is  to  be  measured.  The  index  arm  is  at  the  zero  of  the 
>;raduation,  which  indicates  the  parallelism  of  the  two  mirrors.  One  of  the 
objects  i»  then  viewed  in  the  direction  om,  through  the  telescope,  and  the 
■auilvcred  part  of  the  mirror  m.     The  index  arm  is  then  moved  until  the 
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eye  sees  simultaneously  with  this  the  image  of  another  object  ^,  wluch 
reaches  the  eye  after  successive  reflections  from  the  mirror  tf,  and  from  the 
silvered  part  of  the  mirror  m ;  that  is,  by  the  path  gamedo.  The  angle 
mha  which  the  two  mirrors  now  form  is  measured  by  the  graduation  of  the 
sector  cd^  and  is  half  the  angle  gom.  For  when  the  two  mirrors  were  parallel 
the  angular  deflection  of  the  ray  ga^  after  two  reflections,  would  be  zero,  and 
its  deflection  is  now  the  angle  gom  ;  whence,  by  the  last  article,  the  mirror  a 
must  have  turned  through  half  that  angle,  the  mirror  m  having  been  fixed 
in  position  throughout. 

522.  aseasnrement  of  small  aniftes  by  refleetlon  flrom  a  mirror. — An 
important  application  is  made  of  the  law  of  reflection  in  measuring  small 

angles   of  deflection  in 
magnetic  and  other  ob- 
^  servations.      The    prin- 

ciple of  this  method  will 
be  understood  from  fig. 
427,  in  which  AO  repre- 
[jJl traA  sents  a  telescope,  under- 
neath which,  and  at  right 
angles  to  its  axis,  is  fixed 
a  g^duated  scale  ss ; 
the  centre  of  which,  the 
zero,  corresponds  to  the 
axis  of  the  telescope. 
Fig.  427,  Let  NSbe  the  object 

whose  angular  deflection 
is  to  be  measured,  a  magnet  for  instance,  and  let  mm  represent  a  small  per- 
fectly plane  mirror  fixed  rigidly  at  right  angles  to  the  axis  of  the  magnet.  It 
now,  at  the  beginning  of  the  observation,  the  telescope  is  adjusted  so  that 
the  image  of  the  zero  appears  behind  the  cross  wires,  its  axis  is  perpendicular 
to  the  mirror.  Now  when  the  mirror  is  turned,  by  whatever  cause,  through 
an  angle  a^  the  eye  will  see,  through  the  telescope,  the  image  of  another 
division  of  the  scale,  a  for  instance,  the  ray  proceeding  from  which  makes 
with  the  line  rOA  the  angle  7.a. 

From  the  distance  of  this  division  Oa  from  the  zero  of  the  scale  and  the 

distance  Oc  from  the  mirror  we  have  tan  2a  «  — ^.     Thus,  for  instance,  if  Oa 

Oc 

is  12  millimetres  and  Oc  5,000  millimetres,  then  tan  2a 


12 


5,000 


^  from  which 


2«i «  8'  1 5".  As  a  practised  eye  can  easily  read  ^^  of  a  millimetre,  it  is  pos- 
sible by  such  an  arrangement  to  read  off  an  angular  deflection  of  two  seconds. 

523.  Manoe's  lieliorrapli. — The  reflection  of  light  from  mirrors  has 
been  applied  by  Mance  in  signalling  at  great  distances  by  means  of  the 
sun's  light. 

The  apparatus  consists  essentially  of  a  mirror  about  4  inches  in  diameter 
mounted  on  a  tripod,  and  provided  with  suitable  adjustments,  so  that  the 
sun's  light  can  be  received  upon  it  and  reflected  to  a  distant  station.  An 
observer  then  can  see  through  a  telescope  the  reflection  of  the  sun's  rays  as 
a  spot  of  light.     The  mirror  has  an  adjustment  by  which  it  can  be  made  to 
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Inllou'  the  sun  in  its  apparent  motion.  There  is  also  a  lever  key  by  which  the 
si),'naller  can  deflect  the  mirror  through  a  very  small  angle  either  to  the 
right  or  left,  and  thus  the  observer  at  the  distant  station  sees  corresponding 
Dashes  lo  the  right  or  left.  Under  the  subject  of  Telegraphy  it  will  be  seen 
how  these  ahemalc  motions  can  be  used  to  form  an  alphabet. 

The  heliograph  proved  of  essentia!  service  In  the  campaigns  in  i 
Africa  and  Afghanistan.  Instead  of  any  special  form  of  apparatus,  an 
ordinary  shaving  mirror  or  hand-glass  is  frequently  used  ;  and  the  proper 
inclination  having  been  given  so  as  to  send  the  stin's  rays  to  the  distant 
station,  which  is  very  easily  effected,  the  signals  are  produced  by  obscuring 
the  mirror  by  sliding  a  piece  of  paper  over  it  for  varying  lengths  of  [i 
In  this  way  longer  or  shorter  flashes  of  light  are  produced,  which,  properly 
(.'ombined,  form  Ihe  alphabet. 

Of  course  this  mode  of  signalling  can  only  be  used  where  the  sun's  light  I 
is  available,  but  it  has  the  advantage  of  being  cheap,  simple,  and  portable,  i 
SiKOaJs  have  been  sent  at  the  rate  of  \2  words  a  minute,  through  disian 
in  very  fine  weather,  of  40  miles. 


RF.fLECTlUN  uy  LIGHT  FROM   CUKVEO  SURFACES. 


It  has  been  already  slated  (51  z)  that  there  are  \ 
rors  ;    those   most   frequently   employed   ara  f 


514.  Bpnarlesl  lolrron. 
»event  kinds  of  curved  1: 
spherical  and  parabolic  miri 

Sphtrital  mirrors  are  those  whose  curvature  is  that  of  a  sphere  ;  their 
surfocv  may  be  supposed  to  be  formed  by  the  revolution  of  an  arc  MN  (fig. 
428)  about  the  radius  CA.  which  unites  the  middle  of  the  arc  10  the  centre 
of  the  circle  of  which  it  is  .1  p:irl.  .Aci.ijrtlinj;  as  (he  reflection  takes  place 
fmm  ihc  iniernal  or  from 
ihe  entcroal  face  of  the  mir 
ror  ii  is  said  to  be  wncavL 
or  cimvex.  C,  the  c 
of  the  hollow  sphere  o 
which  Ihc  mirror  form 
pan  is  called  the  eenlrt  i> 
turvature,  or  geometrica, 
^tntrt :  the  point  A  is  the  "'''  *'"' 

ccnireof  the  figure.  The  infinite  right  line  AL,  which  passes  through  A  and 
C,  b  the  principal  axis  of  the  mirror  ;  any  right  line  which  simply  passes 
ihrouKh  Ihe  centre  C,  and  noi  through  the  point  A,  is  a  iecondary  axis. 
The  anfile  MCN,  formed  by  joining  the  centre  and  extremities  of  the 
mirror,  is  the  •iperlure.  A  priiuipal  or  meridional  section  Is  the  section 
■nadc  by  a  plane  through  its  principal  axis.  In  speaking  of  mirrors  those 
lines  alone  wilt  be  considered  which  tic  in  the  same  principal  section. 

The  theory  of  the  reflection  of  light  from  curved  mirrors  is  easily  deduced 
from  the  taws  of  reflection  from  plane  mirrors,  by  considering  ihe  surface  of 
the  former  as  made  up  of  an  infinitude  of  extremely  small  plane  surfaces, 
which  are  its  elements.  The  normal  lo  the  curved  surface  at  a  given  point  is 
ihc  perpendicular  tu  the  corresponding  element,  or,  what  is  Ihe  same  thing, 
corresponding  tangent  plane.    Il  is  shown  in  geometry  that  ii 


I 
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all  the  normals  pass  through  the  centre  of  curvature,  so  that  the  normal  ma] 
readily  be  drawn  to  any  point  of  a  spherical  mirror. 

525.  VoeuB  of  »  BpUerlo*!  oanettve  >nlrr«r. — In  a.  curved  mirror  du 
focus  is  a  point  in  which  the  reflected  rays  meet  or  tend  to  meet,  if  produce! 
either  backwards  or  forwards ;  there  may  either  be  a  real  foeus  or  a  virttu 
foeus. 

Real  focus. — We  shall  first  consider  the  case  in  which  the  rays  of  Bgh 
are  parallel  to  the  principal  axis,  which  presupposes  that  the  luminous  bod; 
is  at  an  infinite  distance.     Let  GO  (fig.  428)  be  such  a  ray. 

From  the  hypothesis  that  curved  mirrors  are  composed  of  a  number  0 
infinitely  small  plane  elements,  this  ray  would  be  reflected  from  the  elonea 
corresponding  to  the  point  D,  according  to  the  laws  of  the  reflection  fnm 
plane  mirrors  (;i3) ;  that  is,  that  CD  being  the  normal  at  the  point  0 
incidence  D,  the  angle  of  reflection  CDF  is  equal  to  the  angle  of  incideno 
GDC,  and  is  in  the  same  plane.  It  follows  from  this,  that  the  point  F 
where  the  reflected  ray  cuts  the  principal  axis,  divides  the  radius  of  cui 
■  vature  AC  very  nearly  into  two  equal  parts.  For  in  the  triangle  DFC  th" 
angle  DCF  Is  equal  to  the  angle  CDG,  for  they  arc  alternate  and  opposit 
angles  ;  likewise  the  angle  CDF  is  equal  to  the  angle  CDC,  from  the  law 
of  reflection  ;  therefore  the  angle  FUC  is  equal  to  the  angle  FCD,  and  th. 
;ides  FC  and  FD  are  equal  as  being  opposite  to  equal  angles.  Now  th' 
smaller  the  arc  AD,  the  more  nearly  does  DF  equal  AF ;  and  when  thi 
arc  is  only  a  small  number  of  degrees,  the  right  lines  AF  and  FC  may  b 
taken  as  approximately  equal,  and  the  point  F  may  be  taken  as  the  middl' 
of  AC,  So  long  as  the  aperture  of  the  mirror  does  not  exceed  8  to  lodegreci 
any  other  ray  HB,  will,  after  reflection,  pass  very  nearly  through  the  point  F 
Hence,  when  a  pencil  of  rays  parallel  to  the  axis  falls  on  a  concave  mirro 
the  rays  intersect  after  reflection  in  the  same  point,  which  is  at  an  equa 
distance  from  the  centre  of  curvature,  and  from  the  mirror.  This  point  i 
called  '^K  principal  focus  of  the  mirror,  and  the  distance  AF  is  iht  firina'pa 
focal  distance. 

All  rays,  parallel  to  the  axis,  meet  in  the  point  F  ;  and,  conversely,  if: 
s  point  be  placed  at   F,  the  rays  emitted  by  this  point  will  afte 
reflection    take    the    direc 
tions  DC,  BH,  parallel  ti 
the  principal  axis  ;    for  h 
this  case  the  angles  of  in 
cidence  and  reflection  hav> 
changed  places  ;  but    lhes> 
angles  always  remain  equal 
The  ease  is  now  to  h 
Kig.  4,,.  considered    in    which    thi 

rays  are  emitted  from  ; 
luminous  point,  L  (fig.  429),  placed  on  the  principal  axis,  but  at  such  a  dis 
taiice  that  they  are  not  parallel,  but  divergent.  The  angle  LKC,  which  th' 
incident  ray  LK  forms  with  the  normal  KG,  is  smaller  than  the  angle  SKC 
which  the  ray  SK,  parallel  to  the  axis,  forms  with  the  same  normal ;  and 
consequently,  the  angle  of  reflection  corresponding  to  the  ray  LK  must  b 
smaller  than  the  angle  CKF,  corresponding  to  the  ray  SK.     And,  thercfon 
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ihe  ray  LK  will  meet  ihe  axis  after  reflection  at  a  point  /,  betHeen  the 
centre  C  and  the  principal  focus  F.  So  long  as  the  aperture  of  (he  mirror 
does  not  exceed  a  small  number  of  degrees,  all  the  rays  frnm  the  point  L 
will  intersect  after  reflection  in  the  point  /.  This  point  is  called  tlie  tonjugatg-' 
fytus  :  for  (here  is  this  connection  between  the  points  L  and  /,  that  if  ihe 
luminous  point  were  transferred  to  /,  it!  conjugate  focus  would  be  at  L,  /K 
being  the  incident  and  KL  the  reflected  ray. 

On  considering  the  figure  429  it  will  be  seen  that  when  the  point  L  is 
brought  near  to  or  removed  from  the  centre  C,  its  conjugate  focus  approaches 
Of  recedes  in  a  corresponding  manner,  for  the  angles  of  incidence  and  re- 
flection increase  or  decrease  together. 

If  the  point  L  coincides  with  the  centre  C,  the  angle  of  incidence  is 
null,  and  as  the  angle  of  rejection  must  be  the  sanic,  the  ray  is  reflected  on 
itself,  and  the  focus  coincides  with  the  luminous  point,  When  the  luminous 
point  is  between  the  centre  C  and  the  principal  focus,  the  conjugate  focus  in 
turn  is  on  the  other  side  of  the  centre,  and  Is  further  from  the  centre  accord- 
ing as  the  luminous  point  is  nearer  the  principal  focus.  If  the  luminous  point 
coincides  with  the  principal  focus,  the  reflected  rays,  being  parallel  to  (he 
ails,  will  not  meet,  and  there  is,  consequently,  no  focus. 

Virtual foais.— There  is,  lastly,  the  case  in  «'hich  the  point  is  placed  at 
L,  between  the  principal  focus  and  the  mirror  (fig.  430).  Any  ray  LM, 
emitted  hom  the  point  L,  makes  with  the  normal  CM  an  angle  of  incidence, 
LMC,  greater  than  FMC  ;  the  angle  of  reflection  must  be  greater  than  CMS, 
ind  therefore  the  reflected  ray  ME  di/erges  from  the  axis  AK.  This  is  also 
the  case  with  all  rays  from  the  point  L,  and  hence  these  rays  do  not  intersect, 
ind,  consequently,  form  no  conjugate  focus  ;  but  if  they  are  conceived  to  be 
prolonged  on  the  other  side  of  the  mirror,  their  prolon^'alions  will  intersect 


I 


s  formed  t|uue  analogous  to  those  foruied 


ted  from  the 

point  /.      Hence  a  virtii.tl  foc\ 

by  plane  mirrors  (514). 

In  all  these  cases  it  is  seen  that  the  position  of  the  principal  focus  b 
constant,  while  that  of  the  conjugate  foci  and  of  the  virtual  foci  vary.     The    ' 
principal  and  Iki  conjugate  fori  art  always  on  Ihe  same  side  oj  Ike  mirror  as 
Iki  luminous  point,  while  the  virtual  focus  is  always  on  the  other  side  of  Ike   ] 

Hitherto  the  luminous  point  has  always  been  supposed  10  be  placed  c 
I       the  principal  axis  itself,  and  then  the  focus  is  formed  on  this  axis.     In  the 
'   '  casein  which  Ihe  luminous  point  is  situate  on  a  secondary  axis,  LB  (fig.  431)1 
by  applying  to  this  axis  the  same  reasoning  as  in  the  preceding  case,  it  will 
n  that  the  focus  of  the  point  L  is  formed  at  a  point  /  on  the  secondary^ 
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e  of  the  point  L,  the  focus  nuq 


axis,  and  that,  according  to  the  distai 
either  principal,  conjugate,  or  virtual, 

526.  r«oi  »r  wmtfrn.  miirors, — In  convex  mirrors  there  are  only  vir 
foci.  Let  SI,  TK  .  .  .  (fig.  432)  be  rays  parallel  to  the  principa]  jub 
convex  mirror.  These  rays,  after  reflection,  take  the  diverging  directi 
IM,  KH,  which,  when  continued,  meet  in  a  point  F,  which  is  the^rMUi 
virtual  focus  of  the  mirror.  By  means  of  the  triangle  CKF,  it  maybe  aho 
in  the  same  manner  as  with  concave  mirrors,  that  the  point  F  is  appr 
malely  the  middle  of  the  radius  of  curvature,  CA. 


If  the  incident  luminous  rays,  instead  of  being  parallel  to  the  axis,  [ 
ceed  from  a  point  1.,  situated  on  the  axis  at  a  finite  distance,  it  is  at  o 
seen  that  a  virtual  focus  will  be  formed  at  a  point  /,  between  the  prind 
focus  K  and  the  mirror. 

537.  B«t«nnlnatlon  of  tbe  prln«tp*l  foens. — In  the  applications 
concave  and  convex  mirrors  it  is  often  necessary  to  know  the  radiuf 
cur\'ature.  This  is  tantamount  10  finding  the  principal  focus  ;  for  be 
situated  at  the  middle  of  the  radius,  it  is  simply  necessary  to  double  the  f< 
distance. 

To  find  this  focus  with  a  concave  mirror,  it  is  exposed  to  the  sun's  n 
so  that  its  principal  axis  is  parallel  to  them,  and  then  with  a  small  screet 
ground  glass  the  point  is  sought  at.  which  the  image  is  formed  with 
's  the  principal  focus.     The  radius  of  the  miiro 


greatest  intensity  ;  this 
double  this  disiam 
If  the 


r,  the  light  is  reflected 
IS  left  exposed,  and  forms  on  the  s 
by  moving  the 


covered  with  paper ;  but  two  small  portit 

H  and  1,  are  left  exposet 

equal     distances    from 

centre  of  the  figure  A,  and 

the    same    principal    sect 

(fig-  433)-     A  screen  MN, 

the    centre    of  which    is 

opening  larger  than  the  i 

tance    HI,  is   placed    bel 

the   mirror.      If  a   pencil 

rays,  SH,  S'l,   para 

t  II  and  I,  on  the  pi 

■een  two  brilliant  ima 

farther  from  the  min 


a  position  is  found 

ilisiance  AD  from  ihe 

distance.     For  the  arc  HAl  does 


Ai.and  therefore  also  FA  is  the  half  of  FD,  and  therefore  A  U  is  equal  to 
AF.  Further,  FA  is  the  principal  focal  distance  ;  for  the  rays  SH  and  S'l 
arc  parallel  to  the  axis  :  consequently  also  twice  ihc  distance  AD  equals  the 
radius  of  curvature  of  the  mirror. 

jiS.  ronnatlan  of  ItnaKos  In  oodcbts  tnlrmra. — Hitherto  it  has  been 
supposed  that  the  luminous  or  Illuminated  object  placed  in  front  of  the 
minor  was  simply  a  point ;  but  if  this  object  has  a  certain  magnitude,  we 
tan  conceive  n  secondary  axis  drawn  through  each  of  its  points,  and  thus  a 
»ries  of  real  or  virtual  foci  could  be  determined,  the  collection  of  which 
'umposes  the  image  of  the  object,  liy  the  aid  of  the  constructions  which 
hi>c  served  for  determining  the  foci,  we  shall  investigate  the  position  and 
iiugniiude  of  these  images  in  concave  and  in  convex  mirrors. 

Red  image. — We  shall  first  take  the  ease  in  which  the  tnim 
and  Ihc  object  AH  (dv,.  4  ?4 '  ''^  ""  'he  other  '■idi-  i\<  ihf  rpnlif 


"ly  point  A, 

a  lecondary 

"i».  AE,  is 

lirawo     Ironi 

itiis      point. 

"nd     then 

*ramiigfrom 

"he  point   A 

Miinrident  ray  AD,  the  normal  10  this  point,  CD,  is  taken, 

if  "(ilection  CDfi  is  made  equal  to  the  angle  of  i     "  '  ~ 

"1  where  the  reflected  ray  cuts  the  secondary  axis  AE,  is  the  conjugate  focus 

"fihe  point  A,  because  everi' other  ray  drawn  from  this  point  passes  (h rough 

■'■   Similarly  if  a  secondary  axis,  HI,  be  drawn  from  the  point  B,  the  rays 

ftom  this  point  meet  after  reflection  in  6,  and  form  the  conjugate  focus  of  B. 

And  as  the  images  of  all  the  points  of  the  object  are  formed  between  a  and 

^,  ai  a  the  complete  image  of  AB.     From  what  has  been  said  abo 


ind  the  angle 
e  ADC     The  point 


!S15J,  it  follows  that  this  image 
Hactd  bfttoren  the  cent  re  n/i 
may  be   seen  in   two   ways  :    by 
ptacbigiheeye  *     ' 
4f  (be  reflected  rays,  and  ihi 
IS  an  atrial  -image  which 
or   the  rays  are   coUcctetl   on   a 
vircen,  on   which  the  ima^'c  ap- 
pears to  be  depicted. 

If  the  luminous  or  illuminated 
object  is  placed  at  afi,  beltvecn 
the  principal  fucus  and  the 


•niil/er  thin  llie  object^  and 
icipal  Joiui.     This  image 


I 
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is  larger  than  the  objec 


,  and  the  larger  as  At 


real  but  inverted  image  ;  i 
object,  ab,  is  nearer  thejoais. 

If  the  object  is  placed  in  the  principal  focus  itself,  no  image  is  produced  i 
for  then  the  rays  emitted  from  each  point  form,  after  reflection,  as  muy 
pencils  respectively  parallel  to  the  secondary  axis,  which  is  drawn  through 
the  point  from  which  they  are  emitted  (524),  and  hence  neither  foci  not 
images  are  formed. 

When  all  points  of  ihe  object  AB  are  above  the  principal  axis  (6g.  435) 
by  repeating  the  preceding  construction,  it  is  readily  seen  that  the  image  o 
the  object  is  formed  at  ab. 

Virtual  image. — The  case  remains  in  which  the  object  is  placed  betweei 
the  principal  focus  and  the  mirror.  Let  AB  be  this  object  (fig.  436} ;  th. 
incident  rays  after  reflecti^^ 
take  Ihe  directions  DI  and  KH 
and  their  prolongations  fonn  • 
virtual  image,'a,  of  the  point  A 
on  the  secondary  axis.  Simi 
larly,  an  image  of  B  is  fonnec 
at  b ;  consequently  the  eye  see: 
at  ab  the  image  of  AB.  TkL 
image  is  virtual,  erect,  am, 
larger  than  tie  object. 
tig.  <j6.  From  what  has  been  stated 

it  is  seen  that,  according  to  th 
distance  of  Ihe  object,  concave  mirrors  produce  two  kinds  of  images,  or  noni 
at  all ;  a  person  notices  this  by  placing  himself  in  front  of  a  concave  mirroi 
At  a  certain  distance  he  sees  an  image  of  himself  inverted  and  smaller  ;  thi 
is  the  real  image  :  ax  a  less  distance  the  image  becomes  confused,  and  dis 
appears  when  he  is  at  the  focus  :  siill  nearer  the  image  appears  erect,  bu 
larger— it  is  then  a  virtual  image. 

Tor*.— Let  AB  (fig.  437)  h 
any  given  distance.  AC  and  BC  ar 
secondary  axes,  and  it  follows,  froi 
what  has  been  already  stated,  thi 
all  the  rays  from  A  are  diverget 
after  reflection,  and  that  their  pre 
kngations  pass  through  a  point  1 
which  is  the  virtual  image  of  th 
point  A,  Similarly  the  rays  froi 
B  form  a  virtual  image  of  it  in  th 
point  b.  The  eye  which  recein 
the  divergent  rays  DE,  KA  .  . 
whatever  the  position  of  an  objei 
n  front  of  a  convex  mirror,  tbe  image  is  aiv/ays  virtual,  erect,  and  small* 
than  the  object. 

330.  FormnlM  for  •pbcrloal  Ddrroim. — The  relation  between  tb 
position  of  an  object  and  that  of  ils  image  in  spherical  mirrors  may  b 
expressed  by  a  very  sintple  formula.  In  the  case  of  concave  mirrors,  1< 
R  be  its  radius  of  curvature,^  the  distance  LA  of  the  object  L  (fig.  438 


:  (herefore  CL  x  LM  =  CL  .  /M. 


^^VtSmss^o/imFormSt^  for  T^T^n^^^^^^^^^ 

and/'  the  distance  /A  of  Ihe  image  from  the  mirror.  In  the  triangle  LM/, 
the  perpendicular  MC  divides  the  angle  LM/into  iwii  equal  parts,  and  from 
geometry  it  follows  that  the  two  segments  LC,  C/  are  to  each  other  as  the 
W)  sides  containing  the  angle  ;  that  is, 

tv    m 
cl"lm 

IfthearcAM  does  not  exceed  5  or  6  degrees,  the  lines  M  L  and  M/a 
ipproximately  equal  to  AL  and  A/; 
ihit  is,  to  /  and  //. 
Kanhcr,    C/-CA-A/=R-p', 
"idalso    CL-AL-AC-/-K- 

The   values   substituted   in    1 
preceding  equations  give 

(■R-filfi-lP-K)/^:  '''^■"'■ 

From  which  transposing  and  reducing  we  have 

R/>  +  R/'-2/>/' (I) 

If  ihe  terms  of  this  equation  be  all  divided  by//'K,  we  obtain 

•Iiich  is  the  usual  form  of  the  equation. 
From  the  equation  (i)  we  get 


I 


'tich  gives  the  distance  of  the  image  from  the  mirror,  in  terms  of  the 
''laMceofthe  object,  and  of  the  radius  of  curvature. 

iy.  M*«««alon  ol  the  formnlM  for  mlrrora.— We  shall  now  in- 
'Wligaie  the  different  values  of  /',  according  to  the  values  of  p  in  the 
'winula  (3). 

i  I..et  the  object  be  placed  at  an  infinite  distance  on  the  axis,  in  which 
f*M  the  incident  rays  are  parallel.  To  obtain  the  value  of/',  both  terms  of 
ihe  fraction  (3)  must  be  divided  by/,  which  gives 


If  /  is  infinite,       is  zero,  and  we  have  /' »   -  ;  that  is,  the  image  is  formed 

tn  the  principal  focus,  as  ought  to  be  the  case,  for  the  incident  rays  are 

parallel  In  the  Axis. 

ti.  If  the  object  approaches  the  mirror,/ decreases,  and  as  the  denomi- 

lutor  of  the  formula  (4)  diminishes,  the  value  of/'  increases  :  consequently 
'the  image  approaches  the  centre  at  the  same  time  as  the  object,  but  it 
always  between  the  principal  focus  and  the  centre,  for  so  lung  as 


■ 
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iii.  When  the  object  coincides  with  the  centre, ^-R,  and,  consequently, 
/'  =  R  ;  that  is,  the  image  coincides  wiih  the  object. 

i^'.  When  the  luminous  object  is  between  the  centre  and  the  principal 
rocus,/<R,  and  hence  from  the  formula  (4),^'>R  ;  that  is,  the  image i» 
formed  on  (he  other  side  of  the  centre.  When  the  object  is  in  the  focus, 
p  --^-,  which  gives  j»'-  --00  ;  that  is,  the  image  is  at  an  infinite  distance, 
for  the  reflected  rays  arc  parallel  to  the  axis. 

V.  Lastly,  if  the  object  is  between  the  principal  focus  and  the  mirror,  wes 
}jet/<[ — ;  /'is  then  negative,  because  the  denominator  of  the  formula  (4^ 

is  negative.  Therefore,  the  distance  p'  of  the  mirror  from  the  image  most: 
be  calculated  on  the  axis  in  a  direction  opposite  to/.  The  image  is  thena 
virtual,  and  is  on  the  other  side  of  the  mirror. 

Making/'  negative  in  the  foniula  (2),  it  becomes'  — '  -  '  ;  in  thiS' 
/    /      R 
form  it  comprehends  all  cases  of  virtual  images  in  concave  mirrors. 

In  the  case  of  concave  mirrors  the  image  is  always  virtual  (525) ;  /"  and 
K  are  of  the  same  sign,  since  ihc  image  and  the  centre  are  on  the  same  side 
of  the  mirror,  while  the  object  being  on  the  opposite  side,/  is  of  thecnntraiy 
sign  ;  hence  in  the  formula  {2)  w 


I 


for 


■s  the   formula   for  < 

ame  geometrical  consideratio 


/'    /    R 


■(5) 


It  may  also  be  found  directly  by  the 
;  those  which  have  led  to  the  formnla  (l) 

It  must  be  observed  that  the  preceding  formulte  are  not  rigorously  tnie, 
inasmuch  as  they  depend  upon  the  assumption  that  the  lines  LM  and  /M 
<fig.  4!58)  are  equal  lo  LA  and  A/ :  although  this  is  not  Inie,  the  error 
diminishes  without  limit  with  the  .ingle  MCA  ;  and  when  this  angle  does 
not  exceed  a  few  degrees,  the  error  is  so  small  that  it  may,  in  practice,  be 
neglected. 

532.  CaienisUanof  tbemsci>itade  orimarea. — By  means  of  the  above 
formul;f  the  magnitude  of  an  image  may  be  calculated  when  the  distance  of 
the  object,  its  magnitude, 
and  the  radius  of  the  mirror 
are  given.  For  if  BD  be 
the  object  (fig.  439),  bd  its 
image,  and  if  the  distance 
.\  and  the  radius  AC  be 
known,  Ao  can  be  calculated 
by  means  of  formula  {3)  of 
article  530.  Ao  known,  eC 
can  be  calculated.  Itut  as  the  triangles  BCD  and  dCb  are  similar,  their 
bases  and  heights  are  in  the  proportion  bd '.  UD  -  Cc  :  CK,  or 
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Length  of  ihe  image  :  Icngih  of  ihe  object 

-dislance  from  image  lo  cenire  :  disUnce  from  the  objecl  lo  ihe  centr 

5J3-  SpberloaJ  *lt«TT«Uoii.  CknstloB.— In  Ilie  TorcgDing  expbnatioi 

iKt  fomiation  of  foci  and  images  of  spherical  mirrors,  it   has  already  b 

ubservcd  Ihat  the  reflected  rays  only  pass  through  a  single  point  when  tM 

^)trture  of  the  mirror  docs  not  exceed  8  or  lo  degrees  (531).   With  a  larger 

aperture  the  rays  reflected  near  the  edges  meet  the  axis  nearer  the 

llun  those  that  are  reflected  at  a  small  distance  from  the  neighbourhood  of    ' 

the  cenire  of  the  mirror.    Hence  arises  a  want  of  precision  in  these  images, 

■hich  is  cailed  spherical  aberration   by  rcflcctioK,  to  distinguish  il  from  the 

ifiMarical  aberration  by  re/raclion,'Kh\i:\\  occurs  in  the  case  of  leu 

Every  rellected  ray  cuts  the  one  next  to  it  (fig.  440),  and  their  points  of  | 
■nterscciion  form  in  space  a  curved  surface  which  is  called  the  caustic  by  \ 
re/UcUon.  The  curve  KM  repre- 
sents one  of  the  branches  of  a 
section  of  this  surface  made  by  the 
pUnc  of  the  paper.  When  the 
'•gbt  of  a  candle  is  reflected  from 
f»e  inside  of  a  cup  or  tumbler,  a 
s*ction  of  the  caustic  surface  can 
^  seen  by  partly  tilling  the  cup  or 
tumbler  with  milk.  '^*'"' 

534.  ApvUcMtlitna  of  mlrrora.  Heltoatat. — The  applications  of  plane 
•^UtTors  in  domestic  economy  are  well  known.  Mirrors  are  also  frequently 
''sed  in  physical  apparatus  for  sending  light  in  a  certain  direction.  We 
*wve  already  seen  an  application  of  this  in  the  heliograph  (523).  The  solar 
'<£ht  can  only  be  sent  in  a  constant  direction  by  making  Ihe  mirror  mov- 
*ole.  It  must  have  a  motion  which  compensates  for  the  continual  change 
"I  the  direction  of  the  sun's  rays  produced  by  the  apparent  diurnal  motion 
^  the  sun.  This  result  is  obtained  by  means  of  a  clockwork  motion,  to 
*fiich  the  mirror  is  fixed,  and  which  causes  it  to  follow  the  course  of  the 
'ua.  Such  an  apparatus  is  called  a  hiUostat.  The  reflection  of  light  is  also 
"led  In  measure  the  angles  of  crystals  by  means  of  the  instruments  known 
*>  TtfiectiHg  goaiamtters. 

Concave  spherical  mirrors  arc  also  often  used.  They  are  applied  for 
"Hgnifying  mirrors,  as  in  the  older  forms  of  shaving  mirrors.  They  have 
fcttn  employed  for  burning  mirrors,  and  are  still  used  in  telescopes.  They 
ilio  serve  as  reflectors,  for  conveying  light  lo  great  distances,  hy  placing 
1  luminous  object  in  their  principal  focus.  For  this  purpose,  however, 
parabolic  mirmrs  are  preferable. 

The  images  of  objects  seen  in  concave  or  convex  mirrors  appear  smaller 
or  larger,  but  otherwise  similar  geomclrically,  except  in  the  case  where 
lomc  parts  of  a  body  are  nearer  the  mirror  than  others.  The  distor- 
tion of  lieaturcs  observed  on  looking  into  a  spherical  garden  mirror  is  more 
marked  the  nearer  we  are  to  the  glass.  Objects  seen  in  cylindricai  or 
temcal  mimirs  appear  ludicrously  distorted.  From  the  laws  of  reflection 
(he  shape  of  such  a  distorted  figure  can  be  geometrically  constructed.  In 
distorted  images  of  objects  can  be  constructed  which,  seen  in 
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sucli  mirrors,  appear  in  llieir  normal  proportions.     They  are  called  anamor- 

ph.,,,. 

53S.  »*r»*olio  ^drror*. — Parabolic  imrrors  are  concave  mirrors  whose 
surfitce  is  generated  by  the  revolution  of  the  arc  of  a  parabola,  AM,  aboot 
its  axis  AX  (fig.  441). 

It  has  been  already  stated  that 
in    spherical     mirrors     the    rays 
parallel  to  the  axis  converge  only 
approximately    to    the     principat 
focus  ;  and  reciprocally,  when  a 
source  of  light  is  placed  in -the — 
principal  focus    of  these  mirrors^s 
the  reflected  rays  arc  not  eitactl)^^ 
parallel    to    the  axis.      Parabolic= 
mirrors  are  fi-ee  fi^m  this  Atieia.  ^ 
they  are    more    difficult    to  con — 
struct,  but  are  better  for  reflectois — ^ 
It  is  a  property  of  a  parabola  that  the  right  line  FM,  drawn  from  th^9 
focus   F  to  any  point  M  of  the  curve,  and  the  line  ML,  parallel  to  tbe^S 
axis  AF,  make  equal  angles  with  the  tangent  TT'  at  this  point.     Hence  alK- 
rays  parallel  to  the  axis  after  reflection  meet  in^^ 
the  focus  of  the  mirrorF  ;  and  convetaely,  irfien,^ 
a  source  of  light  is  placed  in  the  focus,  the  rays^ 
incident  on  the  mirror   are  reflected  exactly^" 
parallel   to  the  axis.     The  light  thus  reflected  4 
tends  to  maintain  its  intensity  even  at  a  great   ' 
distance,  for  it  has  been  seen  (508)  that  it  is  the  " 
divergence  of  the  luminous  rays  which  princi- 
pally weakens  the  intensity  of  light 

From  this  property  parabolic  mirrors  are 
used  in  carriage  lamps,  and  in  the  lamps  placed 
in  front  of  and  behind  railway  trains.  Thescre- 
tlcctors  were  formerly  used  for  lighthouses,  but 
iiave  been  replaced  by  lenticular  glasses. 

When  two  equal  parabolic  mirrors  are  cut 

by  a  plane  perpendicular   to   Che  axis   passing 

through  the  focus,  and  are  then  united  at  their 

' ""  *"■  intersections  as  shown  in   hgure  443,  so  that 

their  foci  coincide,  a  system  of  refleaors  is  obtained  with  which  a  single 

lamp  illuminates  in  two  directions  at  once.    This  arrangement  is  used  ia 

lighting  staircases  and  passages. 
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CHAPTER    in. 

SiNCJLE   REfRACTION.      LEXSES. 

336.  Vhanoineftoi)  of  TWfractloa. — ^if/rai:/»>t  is  tbedeflection  or  bending 
"hich  luminous  rays  experience  in  passing  obliquely  from  one  medium  to 
another;  for  instance,  from  air  into  water.  We  say  obliquely,  because  if  the 
'Qcident  ray  is  perpendicular  Co  Che  surface  separating  the  two  media,  it  is 
"MX  bent,  and  continues  its  course  in  a  right  line. 

The  incident  ray  being  represented  by  SO  (fig.  443),  the  r/fracled  ray  is 
ibe  direction  OH  which  light  takes  in  the  second  medium  ;  and  of  thean^'les 
SOA  and  HOB,  which  these  rays  form  with  the  line  AB,  at  right  angles  to 
'h«  surface  which  separates  the  (wo  media,  the  lirst 
M  the  amgle  of  incidmcc,  and  the  other  the  angle  •'/ 
^e/raeiioH.      According  as  ihc   refracted    ray  ap- 
prtaclics  or  deviates  from  the  normal,  the  second 
■nedium    is   said   10  be  more  or  less  njringent  or 
'"'/railing  than  the  first. 

All  the  light  which  falls  on  a  refracting  surface    | 
■Iocs  not  completely  pass  into  it ;  one  part  is  rc- 
'Wned  and  scattered  (518),  while  another  penetrates 
into  the  medium. 

Mathematical  analysis  shows  that  the  direction  of  refraction  depends  on 
ibe  relative  velocity  of  light  in  the  two  media.  On  the  undulatory  theory 
ihe  more  highly  refracting  medium  is  that  in  which  the  velocity  of  propaga- 
tion is  least. 

In  uncrystallised  media,  such  as  air,  liquids,  ordinary  glass,  the  luminous 
tjyi*  singly  refracted ;  but  in  certain  crystallised  bodies,  such  as  Iceland 
ipar,  selenite,  &c.,  the  incident  ray  gives  rise  to  two  refracted  rays.  The 
Utter  phenomenon  is  called  double  refraction,  and  will  be  discussed  in  another 
pin  of  the  book.     We  shall  here  deal  exclusively  witli  single  refraction. 

;37.  •Xtm,-m%  otalnKle  reftmeUon. — When  a  luminous  ray  is  refracted  in 
paising  from  one  medium  into  another  of  a  different  refractive  power,  the 
following  laws  prevail  : — 

I.  IS'kalmer  Ike  obliquity  of  tlte  incident  ray,  the  ratio  'which  the  line  of 
ik*  incident  angle  bean  to  the  sine  of  the  angle  of  refraction  is  constant  for 

V  mMt  tivo  media,  but  varies  ■with  different  media. 

I I,  The  incident  and  the  refracted  ray  are  in  the  same  plane,  which  is 
prrpendii-nlar  to  the  surface  separating  the  two  media. 

TTiese  have  been  known  as  Descartes'  laws  ;  they  are,  however,  really 
due  to  Willibfod  Snell,  who  discovered  them  in  1630;  they  arc  demor- 
fttnited  by  the  same  apparatus  as  that  used  for  the  laws  of  reflection  (;i  1). 
The  plane  mirror  in  the  centre  of  the  graduated  circle  is  replaced  by  a 
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semi -cylindrical  glass  vessel,  filled  with  water  to  such  a  height  that  its 
level  is  exactly  the  height  of  the  centre  (fig.  444).  If  the  mirror,  M,  be 
then  so  inclined  that  a  reflected  ray,  MO,  is  directed  towards  the  centre, 
it  is  refracted  on  passing  into  the  water,  but  it  passes  out  without  refraction, 
because  then  its  direction  is  at  fright  angles  to  the  curved  sides  of  the 

vessel.  In  order  to  observe  the  course 
of  the  refracted  ray,  it  is  received  on  : 
screen,  P,  which  is  moved  until  tl&< 
image  of  the  aperture  in  the  screen  T 
is  formed  in  its  centre.  In  all  position 
of  the  screens  N  and  P,  the  sines  ^ 
the  angles  of  incidence  and  refractic^ 
are  measured  by  means  of  two  graduate 
rules,  movable  so  as  to  be  always  hoc 
zontal,  and  hence  perpendicular  to  tt^ 
diameter  AD. 

On  reading  off  the  length  of  the  sin^ 
of  the  angles  MOA  and  DOP  m  tt^ 
scales  I  and  R,  the  numbers  are  foum- 
to  vary  with  the  position  of  the  screen^ 
but  their  ratio  is  constant ;  that  is,  i 
the  sine  of  incidence  becomes  twice  <^ 
three  times  as  large,  the  sine  of  refrac 
tion  increases  in  the  same  ratio,  which 
demonstrates  the  first  law.  The  second 
law  follows  from  the  arrangement  of  the 
apparatus,  for  the  plane  of  the  graduated  limb  is  perpendicular  to  the  surface 
of  the  liquid  in  the  semi-cylindrical  vessel. 

538.  Zndez  of  refk^otion. — The  ratio  between  the  sines  of  the  incident 
and  refracted  angle  is  called  index  of  refraction^  or  refractive  index.  It 
varies  with  the  media ;  for  example,  from  air  to  water  it  is  |,  and  from  air  to 
glass  it  is  l. 

If  the  media  are  considered  in  an  inverse  order — that  is,  if  light  passes 
rrom  water  to  air,  or  from  glass  to  air — it  follows  the  same  course,  but  in  a 
contrary  direction,  PO  becoming  the  incident  and  OM  the  refracted  ray. 
Consequently  the  index  of  refraction  is  reversed  ;  from  water  to  air  it  is  then 
J,  and  from  glass  to  air  \. 

539.  ZSffaots  produced  by  relHustloii. — In  consequence  of  refraction, 
bodies  immersed  in  a  medium  more  highly  refracting  than  air,  appear  nearer 
the  surface  of  this  medium,  but  they  appear  to  be  more  distant  if  immersed 
in  a  less  refracting  medium.  Let  L  (fig.  445)  be  an  object  immersed  in  a 
mass  of  water.  In  passing  thence  into  air,  the  rays  LA,  LB  .  .  .  diverge 
from  the  normal  to  the  point  of  incidence,  and  take  the  direction  AC,  BD 
.  .  .  ,  the  prolongations  of  which  intersect  approximately  in  the  point  L', 
placed  on  the  perpendicular  L'K.  The  eye  receiving  these  rays  sees  the 
object  L  at  L'.  The  greater  the  obliquity  of  the  rays  LA,  LB  .  .  .  the  higher 
the  object  appears. 

It  is  for  the  same  reason  that  a  stick  plunged  obliquely  into  water  appears 
bent  (fig.  446),  the  immersed  part  appearing  raised. 


Fig.  444. 


-ftO]  Total  Reflection.     Critical  Angle.  479 

An  experitnental  illustration  of  the  effect  of  refraction  is  the  foUowinK  :— 
I  ctun  is  placed  in  an  empty  porcelain  basin,  and  the  position  of  the  eye 
ISO  adjusted  that  it  is  just  not  visible.  If  now,  (he  position  of  the  eye  remain- 
inguoallered.  water  be  poured  into  the  basin,  the  coin  becomes  visible.  Acon- 
aderation  of  tig.  445  will  suggest  the  explanation  of  this  phenomenon. 

Owing  to  an  effect  of  refraction,  stars  are  visible  to  us  even  when  they  are 
Wow  the  hotiion.  For  as  the  layers  of  the  atmosphere  are  denser  in  pro- 
on  js  they  are  nearer  thi;  e^rlh,  and  as  the  refractive  power  of  a  gas 


with  its  density  (550.1,  it  folloi 
'W  lumitioua  rays  become  bent,  as  s 
"^HiKe  reaching  the  eye,  so  that  we  can 
«f  this  curve  instead  of  at  S.  In  our 
does  not  raise  the  stars  when  on  the  hoi 
The  effect  of  refraction  is  that  objei 
*h*yare  in  reality; 


ti  entering  the  atmosphere 
\.  447,  describing  a  curve 
tar  at  S'  along  the  tangent 
he  atmospheric  refraction 
e  than  half  a  degree. 
i stance  appear  higher  than 
hori/on  is  thereby  wiitened.  When  individual  layera 
igly  than  usual,  objects  may  thereby  become  visible 


*liich  arc   usually  below  the  horizon.    Thus  from  Hastings  the  coast  of 

France,  which  is  at  a  distance  of  56  miles,  is  not  unftequently  seen. 

54a  Tot*i  reHectioa.     Crltlokl  angle, — When  a  luminous  ray  passes 
cdiuui  into  anniher  whitli  i-,  k■-^  refracting,  as  from  water  into 

»ir,  it    has    been 

Ken  that  the  an^li 

ofincidenceislcj 

thin  the  angle  >i 
raftaction.  Henci: 

when  light  is  pi» 

pacated  in  a  m.ii 

af  water  from  S  \< 

0  (fig.  448),  Iher 

b  «lws}'s  H  valui 

of  the  angle  of  ui- 

ddcnce  SOB.such  '*  "  '  "^ 

Ibailhe  angle  of  refraction  AOR  is  a  right  angle,  in  which 

Iracied  ray  emerges  parallel  to  the  surface  of  the  water. 

This  angle,  SOB,  is  called  the  critical  angle,  since  for  any  greater  angle, 
POB,  the  incident  ray  cannot  emerge,  but  undergoes  an  internal  reflection. 
which  is  called  Ivfal  reflection  because  the  incident  light  is  entirely  reflected. 
From  water  to  air  the  critical  angle  is  48°  35':  from  glass  to  air,  41°  48'. 
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The  occurrence  of  this  internal  reflection  may  be  observed  by  the  follow- 
ing experiment  : — An  object.  A,  is  placed  before  a  glass  vessel  tilled  with 
water  (fig.  449)  ;  the  surface  of  the  liquid  is  then  loolied  at  as  shown  in  the 
figure,  and  an  image  at  the  object  A  is  seen  at  ei,  formed  by  the  rays  reflected 
at  m,  in  the  ordinary  manner  of  a  mirror. 

Similar  effects  of  the  total  reflection  of  the  images  of  objects  contained 
in  aquaria  are  frequently  obscn-ed,  and  add  much  la  the  interest  of  their 
appearance. 

In  total  reflection  there  is  no  loss  of  light  from  absorptio 
and  accordingly  it  produces  the  greatest  brilliancy.  If  an  empty  te 
be  placed  in  a  slanting  position  in  water,  its  surface,  when  looked  i 
above,  shines  as  brilliantly  as  pure  mercury  ;  those  rays  which  fall  obliquely^  1 
on  ihe  side  cannot  pass  into  the  water,  and  are  therefore  totally  reflectet  ^.^ 
upwards.  If  a  little  water  be  passed  into  the  tube,  that  portion  of  it  loses  it:  -^^ 
lustre.  Bubbles,  again,  in  water  glisten  like  pearls,  and  cracks  in  transparen  .^xnt 
bodies  like  strips  of  silver,  for  the  oblique  rays  arc  totally  reflected.  Tb^  '« 
lustre  of  transparent  bodies  bounded  by  plane  surfaces,  such  as  the  lustre  um  ~~^ 
chandeliers,  arises  mainly  from  total  reflection.  This  lustre  is  more  frequen  .^^t 
and  more  brilliant  the  smaller  the  limiting  angle ;  the  lustre  of  diamon(^^^> 
therefore,  is  the  most  brilliant. 

541.  Mlnwe.-  The  ««>,f^v  is  an  optical  illusion  by  which  inverted  imaKest      * 
of  distant  objects  arc  seen  as  if  below  the  ground  or  in  the  atmosphere.    Thi^^^ 


phenomenon  is  of  most  frequent  occurrence  in  hot  climates,  and  more 
especially  on  the  sandy  plains  of  Egjpt.  The  ground  there  has  often  the 
aspect  of  a  tranquil  lake,  on  which  are  reflected  trees  and  the  surrounding 
villages.  Monge,  who  accompanied  Napoleon's  expedition  to  Egypt,  was 
the  first  10  >;ive  an  explanation  of  the  phenomenon. 

It  is  a  phciicimenim  of  refraction,  which  results  from  the  unequal  density 
of  the  different  layers  of  the  air  when  they  are  expanded  by  contact  with  the 
heated  soil.  The  least  dense  layers  are  then  the  lowest,  and  a  luminous  ray 
from  an  elevated  object,  .A  (tig.  450},  traverses  layers  which  arc  gradually  less 
refracting  ;  for,  as  will  be  shown  presently  (550),  the  refracting  power  of  a 


ps  diminishes  with  lessened  density.  The  angle  of  incidence  accordingly 
>  from  one  layer  to  the  other,  and  ultimately  reaches  the  critical 
ngle,  beyond  which  internal  reflection  succeeds  to  refraction  (540).  The 
mj then  rises,  as  seen  in  the  ligure,  and  undergoes  a  series  of  successite 
■fractions,  but  in  the  direction  contrary  to  the  first,  for  it  now  passes  through 
lyers  which  are  gradually  more  refracting.  The  luminous  ray  then  reaches 
be  eye  with  the  same  direction  as  if  it  had  proceeded  from  a  point  below 
be  ground,  and  hence  it  gives  an  inverted  image  of  the  object,  just  as  if  it 
Md  been  reflected  at  the  point  O,  from  the  surface  of  a  tranquil  lake. 

The  effect  of  the  mirage  may  be  illustrated  artificially,  as  Dr.  Wotlaston 
bowed,  by  looking  along  the  side  of  a  red-hot  poker  at  a  word  or  object  ten 
r  twelve  feet  distant.  At  a  distance  less  than  three-eighths  of  an  inch  from 
(k  tine  of  the  poker,  an  inverted  image  ivas  seen,  and  within  and  uithout 
bal  an  erect  image.  A  more  convenient  arrangement  than  a  red-hot  poker 
I  a  fiat  box  closed  at  the  top  and  filled  with  red-hot  charcoal. 

Mariners  sometimes  see  inverted  images  in  the  air  of  ships  and  distant 
fcjects  which  are  still  under  the  horizon  ;  this  is  due  to  the  same  cause  as 
he  mirage,  but  is  in  a  contrary  direction.  The  lower  layers  of  the  air  being 
n  contact  with  the  water  are  cold  and  dense.  The  rays  of  an  object,  a  ship 
Dr  instance,  bent  in  an  upward  direction  are  more  and  more  bent  away  from 
lie  vertical  as  they  are  continually  passing  into  gradually  less  dense  layers, 
Ind  ultimately  fall  so  obliquely  on  an  upper  attenuated  layer  (hat  they  are 
totally  reflected  downwards,  and  can  thus  reach  the  eye  of  an  observer  on 
the  sea  or  on  the  shore.  Scoresby  obseri'ed  se\'eral  such  cases  in  the  Polar 
Has, 

The  tvrinkUng  or  scintillation  of  the  fixed  stars  is  also  to  be  accounted 
fcr  by  alterations  in  the  direction  of  the  motion  of  their  light  due  to  refraction. 
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543.  MadlK  wlUt  parallel  nw«>> — \\'hen  light  traverses  a  medium  with 
parallel  faces  the  tnwrgent  rays  are  parallel  to  the  incident  rays. 

LetMN  (fig.  451)  be  a  glass  plate  with  parallel  faces,  let  S A  be  the 
incident  and  UB  the  emergent  ray,  ('  and  r  the  angles  of  incidence  and  of 
Rfranion  al  the  entrance  of  the  ray,  and, 
laitly,  1*  and  r'  the  same  angles  at  it^  cmi 
Xencc.    At  A  the  light  undergoes  a  fii 


fcfraciion,  the  \nA*x  of  which  is  : 

!|^I537)- 

^1  D  it  is  refracted  3  second  time 

'.,  and  the 

Index  is  then  *'"-A     But  we  have 

seen  that 

Ik  index  of  retraction  of  glass  to  air  is  t 
Ipciprocai  of  its  refraction  from  air  to  glas 

tin  f      sin  t 
s  the  two  normals  AC  and  DE  are  parallel,  the  angles 
E  alternate  interior  angles.    As  the  n 


li^y^being  alter 


Qv^^^H 
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equatian  are  equal,  the  denominators  must  also  be  equal ;  the  angles  f*  and 
I  are  therefore  equal,  and  hence  DB  is  parallel  to  SA. 

543-  VriBm.^In  optics  a  prism  is  any  transparent  medium  comprised 
between  two  plane  faces  inclined  to  each  other.  The  intersection  of  these 
two  faces  is  the  edge  of  the  prism,  and  their  inclination  is  its  refracting  angle. 
Every  section  perpendicular  to  the  edge  is  called  a  principal  uctiox. 

The  prisms  used  for 
experiments  are  gene- 
rally right  triangular 
prisms  of  glass,  as 
shown  in  fig.  452,  and 
their  principal  section 
is  a  triangle  (fig.  453). 
In  this  section  the 
point  A  is  called  the 
summit  of  the  prism, 
and  the  right  line  BC 
is  called  the  base ;  these  expressions  have  reference  to  the  triangle  ABC^ 
and  not  to  the  prism. 

544.  9aXA  of  raj«  In  prlsniB.  AnBla  of  deviation. — When  the  laws- 
of  refraction  are  known,  the  path  of  the  rays  in  a  prism  is  readily  determined. 
Let  O  be  a  luminous  point  (fig.  453)  in  the  same  plane  as  the  principal  sec- 
tion ABC  of  a  prism,  and  let  OI)  be  an  incident  ray.  This  ray  is  refracted 
at  D,  and  approaches  the  normal,  because  it  passes  into  a  more  highly  re- 
fracting medium.  At  K  ii  experiences  a  second  refraction,  but  it  then  de- 
viates from  the  normal,  for  ii  passes  into  air,  which  is  less  refractive  than 
glass.  The  light  is  thus  refracted  twice  in  the  same  direction,  ss  that  the 
ray  is  deflected  tfTujards  the  *j,(t%  and  consequently  the  eye  which  receives 
the  emergent  ray  KH,  sees  the  object  O  at  O' ;  that  is,  objects  secH  through 
•I  prism  appear  deflected  io'.uards  its  summit.  The  angle  OEO',  which  the 
incident  and  emergent  rays  form  with  each  other,  expresses  the  deviation  of 
light  caused  bj'  the  prism,  and  is  called  the  angle  of  deviation. 

Besides  this,  objects  seen  through  a  prism  appear  in  all  the  colours  of  the 
rainbow ;  this  phenomenon,  known  as  dispersion,  «ill  be  afterwards  de- 
scribed (564). 

This  angle  increases  with  the  refractive  index  of  the  material  of  the  prism, 
and  also  with  its  refracting  angle.  It  also  cartes  with  the  angle  under  which 
the  luminous  ray  enters  the  prism.  The  angle  of  deviation  increases  up  to 
,1  certain  limit,  which  is  determined  by  calculation,  knowing  the  angle  ot 
incidence  of  the  ray,  and  the  refracting  angle  of  the  prism. 

That  the  angle  of  deviation  increases  with  the  refractive  index  may  be 
shown  by  means  of  the  polyprism.  This  name  is  given  to  a  prism  formed 
of  several  prisms  of  the  same  angle  connected  at  their  ends  (fig.  454).  These 
prisms  are  made  of  substances  unequally  rcfringent,  such  as  flint  glass,  rock 
crystal,  or  crown  glass.  If  any  object^a  line,  for  instance — be  looked  at 
through  the  polyprism,  its  different  parts  are  seen  at  unequal  heights.  The 
highest  portion  is  thai  seen  through  the  flint  glass,  the  refraaive  index  of 
which  is  greatest ;  then  (he  rock  crystal  ;  and  so  on  in  the  order  of  the 
decreasing  refractive  indices. 


Conditions  of  Emergence  in  Prisms. 
The  pritm  with  variaile  angle  (fig.  455)  is  used  for  showing  that  the 
angle  of  deviaiian  increases  with  the  refracting  angle  of  the  prism.     It  con- 
sists gf  two  parallel  brass  plates,  B  and  C,  fixed  on  a  support.     Between 
Ihtse  are  two  glass  plates,  moving  on  3  hinge,  with  some  friction  against  the 


P'aiw,  so  as  to  close  it.  When  water  is  poured  into  the  vessel  the  angle 
'**a)r  be  varied  at  will.  If  a  ray  of  light,  S,  be  allowed  to  fall  upon  one  of 
'^•ein,  by  inclining  the  other  more,  the  angle  of  the  prism  increases,  and  the 
•wviaiion  of  the  ray  is  seen  10  intre.ise. 

Ji).  AppUo&tlanof  rlflit-knKleil  prlania  In  reBsctors, —  Prisms  whose 
V^incipal  section  is  an  isosceles  right -aiiijkd  triant'le  aftbid  an  iiiiponant 
^iMiion  of  total  reflection  1,540).  Koi 
'«ABC  (fig.  441)  be  the  principal  se<:uini 
"fioch  a  prism,  O  a  luminous  point,  .tnil 
•^H  \  ray  at  right  angles  lo  the  face  1(C 
ITlis  ray  enters  the  glass  without  being  rc- 
'nifled,  nnd  makes  with  the  face  AB  an 
itigle  equal  to  B— that  is.  to  45  degrees— 
Md  therefore  greater  than  the  limiting 
Mgleof  glass,  which  is  4l''48'iS4o).  The 
r»y  OH  undergoes,  therefore,  at  H  tool  refteetio 
direction  H I  perpendicular  to  the  second  face  AC. 
iurfaceof  this  prism  produces   the  effect  of  then 

'  an  eye  placed  at  1  sees  O',  tlie  image  of  the  point  O.^* 
n^t-asglcd  prisms  isfrec|ueni1y  used  in  optical  insiru 
n  the  prismatic  compass. 

546.  0*Baitlaiia  oremcrcenoe  In  prtama.— In  order  that  any  luminous 
rays  rcfraaed  at  the  fir'it  face  of  a  prism  may  emerge  from  the  second,  it 
1»  necessary  thai  the  refr.ictive  angle  of  the  prism  be  less  than  I 
rritical  angle  of  the  substance  of  «  hich  the  prism  is  composed.     For  if  LI 


,  which  imparts  lo  ! 
Thus  the  hypothem 
t  Rprfect  plane  miri 

'   5  property  of 
s  and  particularly 
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{fig.  4S7)  ^  ">*  ^y  incident  < 
PE  the  nonnals,  the  ray  IE 
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the  first  face,  IE  the  refracted  ray,  PI  and 
m  only  emerge  from  the  second  face  when 
the  incident  angle  lEP  is  less  than 
the  critical  angle  ($40).  But  as  the 
incident  angle  LIN  increases,  the 
angle  EIP  also  increases,  while  lEP 
diminishes.  Hence,  according  as  the- 
direction  of  the  ray  LI  tends  to  be- 
come parallel  with  the  face  AB,  ''"■ 

this  ray  tend  to  emerge  at  the  seconi^^S 
face. 

Let  LI  be  now  parallel  to  AB,  th^MK 
angle  r  is  then  equal  to  the  critic*.      il 
angle  /of  the  prism,  because  it  has  il  — MS 
''«■  *s7-  maximum  value.     Further,  the  angl^^^e 

EPK,the  exterior  angle  of  the  triangK'  :le 
IPE,  is  equal  to  r*i' ;  but  the  angles  EPK  and  A  are  equal,  because  the  ^^sir 
sides  are  perpendicular,  and  therefore  A-^+i' ;  therefore  also  A  —  i+i",  fcz^^^ot 
in  this  case  r-/.  Hence,  if  A-2/or  is  >2/,  we  shall  have  j' - /  or  >/,  an«— ^nJ 
therefore  the  ray  would  not  emerge  at  the  second  face,  but  would  under^^atg^ 
internal  reflection,  and  would  emerge  at  a  third  face,  EC,  This  would  t:Whe 
much  more  ihe  case  with  rays  whose  incident  angle  is  less  than  B[I""^EN' 
because  we  have  already  seen  that  i'  continually  increases.  Thus  in  the  cas.  -^^ 
in  which  the  refracting  angle  of  a  prism  is  equal  to  2/  or  is  greater,  t-^K'  "" 
luminous  ray  could  pass  through  the  faces  of  the  refracting  angle.  , 

As  the  critical  angle  o( glass  is  ^c"  48',  twice  this  angle  is  less  than  gtC—-**' 
and,  accordingly,  objects  cannot  be  seen  through  a  glass  prism  whose  refrac^:^^'^';'' 
ing  angle  is  a  right  angle.  As  the  critical  angle  of  water  is  48'^  35',  ligK  S"' 
could  pass  through  a  hollow  rectangular  prism  formed  of  three  glass  plaf^  ^*' 
and  filled  with  water. 

If  we  suppose  A  to  be  greater  than  /  and  less  than  2i,  then  of  rays  inc^^^--~'' 
dent  at  I,  some  within  the  angle  NIB,  will  emerge  from  AC,  others  will  nc^^^' 
emerge,  nor  will  any  emerge  thai  are  incident  within  the  angle  NIA.     If  iu|^^ 
suppose  A  to  have  any  magnitude  less  than  /,  all  rays  incident  at  I  with^^  " 
the  angle  NIB  w?    ^' 
emerge  from  AC,  ^-^ 
also    will    some    c^' 
those  incident  with i  •^ 
the  angle  NIA. 


547- 


-Wh< 


a  pencil  of  sunligh 

passes    through    an 

aperture   A,    in    the 

side  of  a  dark  cham- 

hV4,8.  l^"    (fig-    458),    [he 

pencil    is    projected 

n   a   straight   line  AC,   on  a  distant  screen.     But  if  a  vertical   prism  be 

nierposed  between  the  aperture  and  the  screen,  the  pencil  is  deviated  to- 
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wards  the  base  of  the  prism,  and  the  image  is  projected  at  D,  at  s 
disiance  from  ihe  point  C.  If  the  prism  be  turned  so  that  the  incident  angle 
decreases,  the  luminous  disc  approaches  the  point  C,  up  to  a  certain  position, 
E,  from  which  it  reverts  to  its  original  position  even  when  the  prism  is 
mated  in  the  same  direction.  Hence  there  is  a  deviation,  EUC,  less  lUao 
any  other.  It  maybe  demonstrated  mathematically  that  this  miuimunt  devia- 
thn  takes  place  when  the  angles  of  incidence  ant|  of  emergence  are  equal.  ■ 
The  angle  of  minimtun  deviation  may  be  calculated  when  the  incident 
angle  and  the  refracting  angle  of  the  prism  ai^  known.  For  when  ihe 
deviation  is  least,  as  the  angle  of  emergence  r'  is  equal  to  Ihe  incident  angle 
/(fig.  457),  r  must  equal  1'.  Butit  has  been  shownabove  (546)  that  A>r+i'; 
consequently  '  : 

j  .A-2r  .'*.---     T       T         M 

I        If  the  minimum  angle  of  deviation  LD/ be  called  rf,  this  angle  being  ex- 
(vrior  to  Ihe  triangle  UIK,  we  readily  obtain  the  equation 


(0 


Mrhich  gives  the  angle  d,  when  i'  and  A  are  known. 

From  the  formul.-E  (ij  and  {3)  a  third  may  be  obtained,  which  serves  10 
Calculate  the  index  of  refraction  of  a  prism  when  its  refracting  angle  and  the 
Btinimum  of  deviation  are  known.  The  index  of  refraction,  «,  is  the  ratio  of 
Oie  sines  of  the  angles  of  incidence  and  refraction  ;  hence  «  ■.  _ ._  ;  re- 
placing/and rfrom  their  values  in  the  above  equations  (1)  and  (3)  we  get 

.i„(Ali) 

^    -i    ' /,^ 


'      uTn 


54B.  t(eamrMn«at  of  tile  Index  of  raflraoHon  Id  ■olfd*.'— By  means 

•>f  the  preceding  formula  f3)  the  refractive  index  of  a  solid  maybe  caleulaicd 
*hen  the  angles  A  and  d  are  known. 

la  order  to  determine  the  angle  A,  the  substance  is  cut  in  the  form  of  a 
'riangular  pristn,  and  the  angle  measured  by  means  of  a  goniometer  (534). 

The  angle  d  is  measured  in  the  following  manner  :— A  ray,  LI,  emitted 


ftotn  a  distant  object  (fig.  4;9), 
I  in  Older  to  obtain  the 

minjinum       de^'ia[ion 

EDL'.     By  means  of 
telescope     with    a 

mduaied    circle,  the 

ingle  EUL'  is  read 
which  the  rc- 
Ihtcted  ray  UE  makes 
Wllhtberay  UL'.com- 
fag  directly  from  the 
■ti^ect ;  now  this  is  the  angli 


1   the   prisi- 


which   i 


Bbjea  M 


o  distant  that  the 
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549.  BCaMaremaat   of   tb*    Index   of   refPurUoB   or  liqalda. — Bk) 

applied  Newton's  method  to  determining  the  refractive  index  of  liquid) 
"      this   purpose  a  cylindrical   cavity  O,  0 
I  about    07;   in.  diameter,  Is  perforated    in  : 
I  glass  prism,  PQ  (lig.  460),  from  the  incidra 
I  face  to  the  face  of  emergence.    This  cavity  i 
I  closed  by  two  plates  of  thin  glass  which  ar 
I  cemented  on  the  sides  of  this  prism.     LiquiJ 
e  introduced  through  a  small  stoppered  apei 
re,  B.     The  refracting  angle  and  the  minimiic 
deviation  of  the  liquid  prism  in  the  cavity  I 
"  '  having  been  deteimined,  their  values  are  iolic 

duced  into  the  formula  (3),  which  gives  the  index. 

550.  MeaanremBiit  «f  ttie  lades  of  reft«(Mon  or  K&aee. — A  metbo 
tor  this  purpose  founded  on  that  of  Newton  was  devised  by  Biot  an 
Arago.  The  apparatus  which  they  used  consists  of  a  glass  tube  (tig.  461 
bevelled  at  its  two  ends,  and  closed  by  glass  plates,  which  are  at  a 
angle  of  143°.  This  tube  is  connected  with  a  bell-jar,  H,  in  which  thei 
is  a  siphon  barometer,  and  with  a  stopcock  by  means  of  which  the  appE 

ratus  can  be  exhausled,  and  different  gases  if 
troduced.  After  having  exhausted  the  tub 
AB,  a  ray  of  light,  SA,  is  transmitted,  whio 
is  bent  away  from  the  normal  through  a 
angler  — rat  the  first  incidence,  and  toward 
it  through  an  angle  I'-r'  at  the  seconc 
These  two  deviations  being  added,  the  toti 
deviation  */  is  r  —  i-t-i'-r'.  In  the  case  < 
a  minimum  deviation,  :-r'  and  r  =  i\  whenc 
J^A-ii,  since  r+i-A  (547).  The  inde 
from  vacuum  to  air,  which  is  evident) 
^^—.,  has  therefore  the  value 


■K^)- 


(' 


Fij  ^,  Hence,  in  order  to  deduce  the  refractii 

index  from  vacuum  into  air,  which  is  th 
absolvU  index  or  principal  indtx,  it  is  merely  necessary  to  know  the  n 
fracting  angle  A,  and  the  angle  of  minimum  deviation  d.  To  obtain  tl: 
absolute  index  of  any  other  gas,  aller  having  produced  a  vacuum,  this  gas 
introduced  ;  the  angles  A  and  d  having  been  measured,  the  above  fonnul 
gives  the  index  of  refraction  from  gas  to  air.  Dividing  the  index  of  refirac 
(ion  from  vacuum  10  air  by  the  index  of  refraction  from  the  gas  to  air,  w 
obtain  the  index  of  refraction  from  vacuum  to  the  gas ;  that  is,  its  absolut 
index. 
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The  square  of  the  refractive  index  of  a  substance  less  unity,  that  is  ;i^—  i, 

measures  what  is  called  the  refractive  action.     On  the  undulatory  theory  fi^ 

is  the  density  of  the  ether  in  the  medium,  when  i  is  the  density  of  the  ether 

in  a  vacuum.     The  refractive  action  is  therefore  a  measure  of  the  excess  of 

the  density  of  the  ether  in  the  refracting  medium.     The  refractive  action 

»'  —  I 
divided  by  the   density,  or  — -  - ,  is  called  the  absolute  refractive  power. 


Table  of  the  absolute  indices  of  refraction. 


Diamond     . 

Phosphorus 

Sulphur 

Ruby  .... 

Bisulphide  of  carbon  .        .     *  >,, 

Iceland  spar,  ordinary  ray  .     1*654 

Iceland  spar,  extraordinary 

fay 1-483 

Flint  glass  s,  l*LH^  .  1-575 

Rock  salt    ....  1-550 

Rock  crystal  .  1-548 


2-47  to  2*75 
2-224 
2*115 

1779 
1*67 

1*654 


Plate  glass,  St.  Gobin  . 

.     1-543 

Crown  glass 

.     i::fr2ff 

Turpentine    . 

.     1-470 

Alcohol 

.     1-374 

Albumen 

.     136 

Ether 

1358 

Crystalline  lens 

1384 

Vitreous        „        .        .        . 

1-339 

Aqueous        „        .        .        . 

1-357 

Water 

1-336 

Ice 

l*3io 

/.  V 


Refractive  indices  of  gases. 


Vacuum . 

Hydrogen 

Oxygen. 

Air 

Nitrogen 
Ammonia 


I -000000 

Carbonic  acid  . 

I -0001 38 
1-000272 

Hydrochloric  acid 
Nitrous  oxide   . 

I  -000294 
1-000300 
100038  5 

Sulphurous  acid 
Olefiant  gas 
Chlorine   . 

I  -000449 
I  -000449 
I  -000503 
1-000665 
I  -000678 
1-000772 


LENSES.   THEIR  EFFECTS. 

551.  IMfliBreat  kinds  of  lenses. — Lenses  are  transparent  media  which, 
from  the  curvature  of  their  surfaces,  have  the  property  of  causing  the  luminous 
fays  which  traverse  them,  either  to  converge  or  to  diverge.  According  to 
^r  curvature  they  are  either  spherical ^  cylindrical^  elliptical^  or  parabolic 
Those  used  in  optics  are  always  exclusively  spherical.  They  are  commonly 
roadc  either  of  crown  glass^  which  is  free  from  lead,  or  of  flint  glass^  which 
contains  lead,  and  is  more  refractive  than  crown  glass. 

The  combination  of  spherical  surfaces,  either  with  each  other  or  with 
plane  surfaces,  gives  rise  to  six  kinds  of  lenses,  sections  of  which  are  repre- 
sented in  fig.  462  ;  four  are  formed  by  two  spherical  surfaces,  and  two  by  a 
plane  and  a  spherical  surface. 

A  is  a  double  convex,  B  is  a  plano-convex,  C  is  a  converging  concavo- 
twtvex,  D  is  a  double  concave,  E  is  a  plano-concave,  and  F  is  a  diverging 
amcawhconvex.  The  lenses  C  and  F  are  also  called  menisms  lenses,  from 
their  resemblance  to  the  crescent-shaped  moon. 


4i(8 


On  Ligltt. 


pn — 


centres  is  the  prii 
principal  a 
face  on  the  plar 


The  first  three,  which  are  thicker  at  the  centre  than  at  the  borders,  ai 
converging;  the  others,  which  are  thinner  in  the  centre,  are  divtrging.  I 
the  first  group  the  double  convex  lens  only  need  be  considered,  and  in  tl 
_  _  _       second  the  double  concav 

as  the  properties  of  each 
these  lenses  apply  to 
those  of  the  same  group. 
In  lenses  whose  two  s 
faces  are  spherical,  I 
centres  for  these  surfaces  i 
called  centres  of 
Fig.  4«i.  and    the    right    line 

passes  through    these    tw»-^- 

na'p<il  axis.     In  a  plano-concave  or  plano-convex  leas,  th>  ^^ 

>  the  perpendicular  let  fall  irom  the  centre  of  the  spherica^^^ 

In  order  to  compare  the  path  of  a  luminous  ray  in  a  lens  with  that  in  s- 
prism,  the  same  hypothesis  is  made  as  for  curved  mirrors  {525)  ;  that  is,  th^^    J 
surfaces  of  these  lenses  are  supposed  to  be  formed  of  an  infinity  of  sma^^^^ 
plane  surfaces    or  elements  :  the  normal  at  any  point  is  then  the'perpen      ^ 
dicular  to  the  plane  of  the  corresponding   elemenl.     It   is   a  geometiica    f 
principle  that  all  the  normals   to  the   same  spherical   surface  pass  throogtv 
its  centre.     On   the  above  hypolhesis  we  can  always  conceive  two  plaB^ 
surfaces  at  the  points  of  incidence  and  emergence,  which  are  iDClined  VCJ 
each   other,  and  thus  produce  the  effecl  of  a  prism.     Pursuing  this  coni' 
parison,  the  three  lenses  A,  IJ,  and  C  may  be  compared  to  a  successioo  of 
prisms  having  their  summits  outtvards,  and  the  lenses  D,  E,  and  F  to  a 
scries  having  their  summits  inwards  :  from  this  we  see  that  the  first  0(^1 
to  condense  the  rays,  and  the  latter  to  disperse  them,  for  we  have  already 
seen  thai  when  a  luminous  ray  traverses  a  prism  it  is  deflected  towards  the 
base  {536). 

552.  Fool  In  double  oanvez  lenaea. — The  focus  of  a  lens  is  the  point 
where  the  refracted  rays,  or  their  prolongations,  meet.  Double  convex 
lenses  have  both  real  and  virtual  foci,  like  concave  mirrors. 

Meal  foci. — We  shall  first  consider  the  case  in  which  the  luminous  rays 
which  fall  on  the  lens  are  parallel  to  its  principal  axis,  as  shown  in  lig. 
463.  In  this  case,  any  incident  ray,  LB.  in  approaching  the  normal  of  the 
point  of  incidence  B,  and 
in  diverging  from  it  at 
the  point  of  emergence 
IJ,  is  twice  refracted  to- 
wards the  axis,  which  it 
cuts  at  F.  As  all  rays 
parallel  to  the  axis  are 
refracted  in  the  same 
manner,  it  can  be  shown 
by  calculation  that  they 
IS  the  arc  D£  does  not 
lipal  focus,  and  the  dis* 


This  point  is  called  the  f>i 


Cance  FA  is  the  principal  focal  distance. 

bul  varies  with  the  radii  of  curvature  and  the  index  of  refraction. 
aiary  lenses,  which  are  of  crown  giass,  and  in  which  the  radii  of  the  i 
^ur^ces  are  nearly  equal,  the  principal  focus  coincides  very  closely  with  the 

We  shall  now  consider  the  case  in  which  thi 
principal  focus, 
r  that 
^1  incident  rays 
Ainn  a  divergent 
jxncil,  as  shown 
in  fig.  464.     Th^ 

being  at  L,  by 
<roiD  paring  the 
path  of  a  di- 
■verging  ray.  Lb,  ^  '  '' 

writh  that  of  a  ray,  SB,  parallel  x<i  the  axis,  the  former  is  found  to  make  with 
the  norma]  an  angle,  LB«,  greater  than  the  angle  SBn  ;  consequently,  after 
traversing  the  lens,  Ihe  ray  cuts  the  anis  at  a  point,  I,  which  is  more  distant 

than  the  principal 
locus  F.  As  all 
iriys  from  the  point 
L  intersect  approxi- 
mately in  the  same 
point  /,  this  latter 
is  the  conjugate 
frcus  of  the  point 
L;  (his  term  has 
Pig  ,jj^  the  same  meaning 

here  as  in  the  case 
of  mirrors,  and  expresses  the  relation  existing  between  the  two  points  L 


and  /,  which  is  of  such 
the  focus  passes  lo  L. 
According  as  the  li 
of   the   emergent   rays   de- 
ireases,  and  the  focus  /  be- 
comes more  distant;  whfn 
tht  point  L  coincides  wiih 
the     principal     focus,      ihc 
emergen!  rays  on  the  other 
side  are  parallel  to  the  axis, 
and   there   is   no   focus,  or, 

ii  infinitely  distant,     .^s  the 
refracted  rays  arc  parallel  in 
'tlowly,  ajid  a  simple  lamp  cai 
Mry  lo  place  it  In  the  focus  of 
Virtual  foci.— K  double 


:  that,  if  the  luminous  point  Is  moved  to  /, 


\ 


the  intensity  of  light  only  decreases 
great  distances.    It  Is  merely  neces- 
.,  as  shown  in  fig.  46;, 
riual  focus  when  the  luminous  j 
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object  is  placed  between  the  lens  and  the  principal  focus,  as  shown  in  fig.  46;.  -, 
In  this  case  the  incident  rays  make  with  the  normal  ^ater  angles  than  those  -^ 

made  with  the  rays  FI  from  the  principal  focus;  hence,  when  the  fonnei 1 

rays  emerge,  they  move  farther  from  the  axis  than  the  latter,  and  form  ii  ^ 
diverging  pencil,  HK,  GM.  These  rays  cannot  produce  a  real  focus,  but^ 
their  prolongations  intersect  in  some  point,  /,  on  the  axis,  and  this  point  1:^=2= 
the  virtual  focus  of  the  point  L  (J14). 

553.  root  In  doable  eonoKTs  leiiB«a. — In  double  concave  lenses  there_^ 
are  only  virtual  foci,  whatever  the  distance  of  the  object.     Let  SS'  be  an>^r 
pencil  of  rays  parallel  to  the  axis  (fig.  467; ;  any  ray  SI  is  refracted  at  th^^ 
point  of  incidence  I,  and  approaches  the  normal  CI.    At  the  point  of  emer  — ■ 
gence  it  is  also  refracted,  but  diverges  from  the  normal  GC,  so  that  it  i^  ' 
twice  refracted  in  a  direction  which  moves  it  from   the  axis  CC.     As  th^ 
same  thing  takes  place  for  every  other  ray,  S'KMN,  it  follows  that  the  rayS'^^ 
aflCT'tra versing  the  lens,  form  a  diverging  pencil,  GHMN.     Hence  there  i^ 
no  real  focus,  but  the  prolongations  of  these  rays  cut  one  another  in  a  poinr 
Y,  which  is  the  principal  virtual  focus. 

In  the  case  in  which  the  rays  proceed  from  a  point,  L  (fig.  46S),  on  th^^^ 


■c 


axis,  it  is  tound  by  the  same  construction  that  a  virtual  focus  is  formed  a 
which  is  between  the  principal  focus  and  the  lens. 

M  or  i«ns«B.— 


:  the  principal   focus  of  a  co 
,'s  so  that  they  are  parallel  t 


(  lens,  it  may  be  exposed  t( 
s  axis.    The  emergent  pencil 


;n,  the  point  to  which  the  rays  convei^e 
is  readily  seen  ;  it  is  the  principal 
focus. 

Or    an    image    of   an    object   is 


formed  c 


I,  their 


sured,  and  from  these  distances  the 
focus  is  calculated  from  the  dioptric 
formula  (561)- 

With  a  double  concave  lens,  the 

^'=-  -t^'  face  ab  (fig.  469)  is  covered  with  an 

opaque  substance,  such  as  lampblack, 

two  small  apertures,  a  and  b,  being  left  in  the  same  principal  section,  and  at 

an  equal  distance  from  the  axis ;  a  pencil  of  solar  light  is  then  received  on 

the  other  face,  and  the  screen  P,  which  receives  the  emergent  rays,  is  moved 


er  to  or  farlher  from  [he  lens,  until  A  and  B,  the  spots  of  light  from  the 
il  apertures  a  and  b,  are  distant  from  each  other  by  twice  ab.  The  dis- 
E  DI  is  Chen  equal  to  the  focal  distance  FD,  because  the  triangles  Yab 
FAB  are  similar.  Another  method  of  determining  the  focus  of  a  con- 
lens  is  given  in  article  560. 

5;.  OpUeal  oentra,  •aeonAuy  axU.—  ln  ever)'  lens  there  is  a  point 
d  the  optical  ctnire,  which  is  situate  on  the  axis,  and  which  has  the 
eny  that  any  luminous  ray  passing  through  it  experiences  no  angular 
»t»on  ;  that  is,  that  the  emergent  ray  is  parallel  to  the  incident  ray. 
existence  of  this  point  may  be  demonstrated  in  the  following  manner  : — 
Iwo  parallel  radii  of  curvature,  CA  and  C'A'  (fig.  470)1  be  drawn  to  the 
surfaces  of  a  double  convex  lens.  Since  the  two  plane  elements  of  the 
A  and  A'  are  parallel,  as  being  perpendicular  to  two  parallel  right  lines, 
ill  be  granted  that  the  refracted  ray  A.^'  is  propagated  in  a  medium 
parallel  faces.  Hence  a  ray  KA,  which  reaches  A  al  such  an  inclination 
after  refraction  it  takes  the  direction  AA',  will  emerge  parallel  to  its  first 
ctian  (54Z) ;  the  point  O,  at  which  the  right  line  cuts  the  axis,  is  Ihere- 
ihe  optical  centre.  The  position  of  this  point  may  be  determined  for 
case  in  which  the  curvature  of  the  Iwo  faces  is  the  same,  which  is  the 
il  condition,  by  observing  that  the  triangles  COA  and  C'OA'  are  equal, 
therefore  that  OC  -  OC,  which  gives  the  point  O.  If  the  cun-atures  are 
ilual,  ihe  triangles  COA  andCO'A'aresimilar,  andeitherCOor  CO  may 
!OUDd,aiid  therefore  also  the  point  O. 


Iti  double  concave  or  concavo-convex  lenses  the  optical  centre  may  be 
irmined  by  the  same  construction.  In  lenses  with  a  plane  face  this  point 
1  the  intersection  of  the  axis  by  the  curved  face. 

Ei-ery  right  line  PP'  (fig.  471),  which  passes  through  the  optical  centre 
loui  passing  through  the  centres  of  curvature,  is  a  itconilary  axis.  Froni 
properly  of  the  optical  centre,  every  secondary  axis  represents  a  luminous 
ilmear  ray  passing  through  this  point ;  for,  from  the  slishl  thickness  of  the 
es,  it  may  be  assumed  that  rays  passing  through  the  optical  centrcare  in 
[ht  line  ;  that  is,  that  the  small  deviation  may  be  neglected  which  ray^ 
Tience  in  traversing  a  medium  with  parallel  faces  (fig.  4;i). 
ki  long  as  the  secondarj-  axes  only  make  a  small  angle  with  the  principal 
all  that  has  hitherto  been  said  about  the  principal  axis  is  applicable  10 
1;  that  is,  that  rays  emitted  from  a  point  P  (fig.  471)  on  the  secondar)' 
PP'  nearly  converge  to  a  certain  paint  of  the  axis  P',  and  according  as 
littuce  from  the  point  P  10  the  lens  is  greater  or  less  than  the  principal 
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focal  distance,  the  focus  thus  formed  will  be  conjugate  or  virtual.     This  prin- 
ciple is  the  basis  of  what  follows  as  lo  the  formaiion  of  images. 

J36.  renDatloiioriiuK«>oAaattleoanTexl*iu«B.  — Inlenses,a! 

as  in  mirrors,  the  image  of  an  object  is  the  collection  of  the  foci  of  ilsse 

points ;    hence     ihi^^*--* 
images  furnished  bj'"^^^'; 

ijiiual  in  the  samt^»  ' 
ase  as  ihe  foci,  andt^  J 
heir  consiniciion  re^  -^^^ 
lolves  itself  into  dc- —  ^^^ 
erminingthepositioir-^  *■ 
jf  a  series  of  points.  ■  'i 
IS  was  the  case  wiIlc-«:  I 
nirrors  (528). 
i.  Real  image.   Let  AB  (fig.  472)  be  placed  beyond  the  principal  focus.    It         f 

a  secondary  axis,  Aa,  be  drawn  from  the  outside  point  A,  any  ray  AC,  fronr ^ 

this  point,  will  be  twice  refracted  at  C  and  D,  and  both  limes  in  the  sam^^^ 
direction,  approaching  the  secondary  axis,  which  it  cuts  at  a.  From  whal^C 
has  been  said  in  the  last  paragraph,  the  other  rays  from  the  point  A  will  inter — 
sect  in  the  point  a,  which  is  accordingly  the  conjugate  focu°  of  the  point  A—-  , 
If  Ihe  secondary  3.\\%  be  drawn  from  the  point  B,  it  will  be  seen,  in  lik^  i 
manner,  that  the  rays  from  this  point  intersect  in  the  point  b ;  and  as  the  J 
points  between  A  and  B  have  their  foci  between  a  and  b,  a  real  but  iwuerttii  1 
image  of  AB  will  be  formed  at  ad.     To  see  this  image,  it  may  be  received  I 

on  a  white  screen,  on  which  it  will  be  depicted,  or  the  eye  may  be  placed  in  I 

the  path  of  the  rays  emerging  from  it. 

Conversely,  if  a6  were  Ihe  luminous  or  illuminated  object  its  image 
would  be  formed  al  AB.  Two  consequences  important  for  ibe  theory 
of  optical  instnunents  follow  from  (his  ;  thai  tst,  J/  itn  objeet^  even  a  iiery 
large  one,  is  at  a  sufficient  distance  from  a  double  convex  lens,  tkt  real  and 
inverted  image  ■which  is  obtained  of  it  is  very  small,  it  is  near  Ike  prin- 
cipal focus,  but  somewhat  farther  from  the  lens  than  this  is  ;  ;nd,  ff  a  very 

'H>tll    object    be 

I  placed  near  the 

I  principal  focus. 

but    a    little    in 

front    of  it,    the 

formed  is  ,U  a 
great  distance,  it 
is  much  larger, 
and  that  in  prv- 

portion    as     the 


nncipal  jocus. 
orlion  as  their  di 
These  two  principli 


ises  the  object  and  the  image  a 
from  the  lens. 
are  experimentally  confirmed  byn 


n  the  s. 


r-»q 


AfierraiioH,     Z^austta, 


'the  image  of  a  lighted  candle,  placed  successively  at  various  distar 
«&  double  convex  lens. 

ii.  Firtuii/  image,  There  is  another  case  in  which  the  object  AB  (fig.  473) 
ss  placed  between  the  lens  and  its  principal  focus.  If  a  secondary 
fee  drawn  from  the  point  A,  every  ray  AC,  after  having  been  twice  refracted, 
diverges  from  this  axis  on  emerging,  since  the  point  A  is  at  a  less  distance 
Slum  the  principal  focal  distance  (552).  This  ray,  continued  in  an  opposite 
idiieciion,  will  cut  ihe  axis  Oa  in  the  point  11,  which  is  the  virtual  focus  of 
'  Che  point  A.  Tracing  the  secondary  axis  of  the  point  B,  it  will  be  found,  in 
•  the  »ame  manner,  that  the  virtual  focus  of  this  point  is  formed  at  b.  There 
S»,  therefore,  an  image  of  AB  at  ak  This  is  a  virtual  image,  it  is  erect,  and 
r  than  ike  object. 
The  magnifying  power  is  greater  in  proportion  as  the  lens  is  more  con- 
vex, and  the  object  nearer  the  principal  focus.  We  shall  presently  show  how 
%tie  magnifying  power  may  be  calculated  by  means  of  the  formulae  relating 


X  lense 


used  in  this 


rs,  only   give  virtual    images 


1  object  plac 


1  front   of  s 


If  the 


to  lenses  (S^')-     Double  c 
glasses,  are  called  simple  r, 
557.  ToroaktloB  «f  In 
cave  lenses,  like  convex 
distance  of  the  object. 

Let  AB  (fig.  474)  be  a 
secondary  axis  AO  be  drawn  from  ihi 
point  A,  all  rays,  AC,  Al.from  ihi^ 
,  point  are  twice  refracted  in  the  same 
direction,  diverging  from  the  axi-. 
AO  ;  so  that  the  eye,  receiving  llit 
(mergcnt  rays  DEand  GH,  suppose- 
ihem  to  proceed  from  the  point  where 
Iheir  prolongations  cut  the  secondar> 
aits  AO  in  the  point  a.  In  like 
manner,  drawing  a  secondary  axis 
from  the  point  B,  Ihe  rays  from  this 
point  form  a  pencil  of  divergent  rays 
ihe  directions  of  which,  prolonged, 
M  at  A  virtual  image  of  AB,  ■which 
object. 

5;8.  BpberleMl  Aberration.  OatiBtloa.—  In  speaking  about  foci,  and 
about  the  images  formed  by  dilTcrenl  kinds  of  spherical  lenses,  it  has  been 
hitherto  assumed  that  the  rays  emitted  from  a  single  point  intersect  also 
I  after  refraction  in  a  single  point.  This' is  virtually  the  ca^e  with  a  lens 
■hose  aperture^xhaX  is,  the  angle  obtained  by  joining  the  edges  to  the 
pnincipal  focus— does  not  exceed  10°  or  12". 

Wiiere,  however,  the  aperture  is  larger,  the  rays  which  traverse  the  lens 
near  the  edge  are  refracted  to  a  point  F  nearer  the  lens  than  the  point  G, 
■hich  is  the  focus  of  the  rays  which  pass  near  the  axis.  The  phenomenon 
thus  produced  is  named  spherical  aberration  by  refraction  ;  it  is  analogous 
tn  the  spherical  aberration  produced  by  reflection  (533).  The  luminous  sur- 
faces formed  by  (he  intersection  of  the  refracted  rays  are  termed  caustics  by 


ntersect  in  i:     Hence  the  eye  sees 
J  always  erect,  and  smaller  than  tAt 


1 
I 

I 


image  1^.*/       i  the  lati.   .       -nd  ^"^         ^g  oea«r  t" 

.,ite  stand  m  ^  ,4_.\  A«(/'"^-' 

i*'r<.'*%s^v '"■ 


5;9.  roi^nla*  relMtni  to  lenaaa. —  In  all  lenses  the  relations  between 
the  distances  of  the  image  and  objeci,  the  radii  of  curvature,  and  the  refrac- 

,  sriay  be  ex- 
pressed bj  :i 
I  formula. 


Che 


cof  a 


vex  lens,  let 
I  F*  be  a  lumi- 
j  Bsnos  pnim 
.  situate  on  the 

i».xii(tig.4761.  '""■  "'■ 

I    l«t  PI  be  an  incident  ray,  IE  its  direction  wlihin  the  lens,  EI"  the  emergent 
I    i-i«y,  w  thai  P'  is  Ihe  conjugate  focus  of  P.     Further,  let  CI  and  CE  be  the 

cioimals  to  the  points  of  incidence  and  emergence,  and  IPA  be  put  equal  to 
1    «».  EPA'-O,  ECA'=y,  ICA-a,  NIP  =  (;  EIO  =  /-,  lEO-/',  NEP'-r 

Because  the  angle  «  is  the  CKierior  angle  of  the  triangle  PIC,  and  the 
■      "   "  -       -    -        -       -     Q^p-^  therefore  )-n  +  3,  and 


I     %ngk  r"  the  exterior  angle  of  the  triangle 
'■'■y  +  fl,  whence 


f-f^-a  +  ,3*- 


.  .  .  .  (■> 

Bui  at  ilic  point  I,  sin/=«  sin  r,  and  at  the  point  E,  sin  r'-n  sin  /'(538),  n 
being  the  refractive  index  of  the  lens.  Now  if  the  arc  AI  is  only  a  small 
niimber  of  degrees,  these  sines  may  be  considered  as  proportional  to  the 
*nglei  (',  r,  /'  and  r" ;  whence,  in  the  above  foniiula,  we  may  replace  the  sines-  , 
by  iheir  angles,  which  gives  I'-nf  and  r-ni',  from  which  i^r^-n  {r+("). 
Further,  because  the  two  triangles  lOE  and  COC  have  a  common  equal 
*n;l«  0, therefore  r+»'-y  +  8,  from  which  i*-r'-n  (y  +  i).  Introducing 
*!>■>  value  into  the  equation  ( I )  we  obtain 


«(y  +  «)- 


+  8,  from  which  (i-i)  (y  +  3)"u  +  a 


(2> 


L«  CA'  be  denoted  by  R,  C'A  by  R'.  PA  by/,  and  P'A'  hyp  .  Tlietk 
"■'•Ji  centre  P  and  radius, PA,  describe  the  arc  A*/,  and  with  centre  P'  and: 
'*«''W  P'A' describe  the  arc  A'li.  Now  when  an  angle  at  the  centre  of* 
■^'•^ie  iubtends  a  certain  arc  of  the  circumference,  the  quotient  of  the  arc 
'''Vidcd  by  the  radius  measures  the  angle  ;  consequently 


Ad  „^  Arf  , 


"*^r*fore 


,  MX^AK     A<f 

'  K  R   *R"'j">   ■ 


L 


^**»ince  Ihe  thickness  of  the  lens  is  very  small,  the  angles  art 
*"''  Arf,  AI,  A'E,  A'«  differ  but  little  from  coincident  straight  li 
'■trtfore  vinually  equal     Hence  the  above  equation  becomes 


<k* 
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This  is  the  formula  for  double  convex  lenses  ;  \ip  be  -  oo — that  is^  if  the  nf^ 
are  parallel — we  have 

<«-)a*ip)-i. 

p'  being  the  principal  focal  distance.     Calling  this^J  we  get 

("-'>  (^^')->    •     •     •     •    < 

from  which  the  value  of/  is  easily  deduced.    Considered  in  reference    i 
equation  (4),  the  equation  (3)  assumes  the  form 

P   P'  / '^ 

which  is  that  in  which  it  is  "usually  employed.    When  the  image  is  virtufi 
/'  changes  its  sign,  and  formula  (5)  takes  the  form 

P     P     J 

In  double  concave  lenses, /' and  /  retain  the  same  sign,  but  that  o^ 
changes  ;  the  equation  (5)  becomes  then 

1     I  I 

/"/'■"/ 

The  equation  (7)  may  be  obtained  by  the  same  reasonings  as  the  other. 

560.  ComblnatioB  of  lenses. — If  parallel  rays  fall  on  a  convex  lens 
which  has  the  focal  distance y^  and  then  on  a  similar  lens  B  with  the  fo^ 
distance/',  at  a  distance  d  from  A,  the  distance  from  the  lens  B  at  whi* 
the  image  is  formed  at  F  is 

I      I         I 
If  the  lenses  are  close  together,  so  that  </-o,  then 

^  /  y 

I     2 

if  the  lenses  have  the  same  curvature,  that  is/^f,  then  -    «     ;   that  is    * 

Bill:  F    y 

say,  the  focal  distance  -of  the  combination  is  half  that  of  a  single  lens. 
If  the  second  lens  is  a  dispersing  one  of  the  focal  distance/,  then 

I     _i i^ 

and  if  the  lenses  are  close  together,  then 

I       i      I 

This  method  can  conversely  be  used  to  determine  the  focal  distance  of  a 
concave  lens,  by  combining  it  with  a  convex  lens  of  longer  focus,  and  deter- 
mining the  focal  distance  of  the  combination. 

561.  Relative  marnltndee  of  Imace  and  object.  Betermiiiatloa  el 
fooui. — From  the  similarity  of  the  triangles  AOB,  aOb  (fig.  472),  we  get 


0^    ..( 


^  0 
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for  the  relative  magnitudes  of  image  and  object  the  proportion    — -  -  ^   ; 

ao      p 

whence  —  -  ^,  where  AB  -  O  is  the  magnitude  of  the  object,  and  ^^  - 1 
O     p 

that  of  the  image ;  while  p  and  p'  are  their  respective  distances  from  the 

P    P'  / 


lens.    Replacing  p'  by  its  value  from  the  equation  -;  + 


where  the 


image  is  real,  or  from  the  equation  —  -  7>  *  -?  where  it  is  virtual,  we  shall 

P     P     J 

obtain  the  different  values  of  the  ratio  —  for  various  positions  of  the  object. 


'n  the  first  case  we  have 
Thus  if 


o     /  • 

p>2f     I>0 
^-2/     I=0 
p<2f     I>0 

In  the  second  case  when  the  image  is  virtual  we  shall  have 

I        / 
—  =  -J— ,  so  that  in  all  cases  I  >  O. 

By  using  the  above  formula  we  may  easily  deduce  the  focal  length  of  a 
^^Bvex  lens  where  direct  sunlight  is  not  available.  For  if  it  be  placed  in 
^^^^t  of  a  scale,  and  if  a  screen  be  placed  on  the  other  side,  then,  by  altering 
^*^  relative  positions  of  the  lens  and  the  screen,  a  position  may  be  found  by 
^'^j  such  that  an  image  of  the  object  is  formed  on  the  screen  of  exactly  the 
**Jnc  size.  Dividing  now  by  4,  the  total  distance  between  the  object  and  the 
^^^^ccn,  we  get  the  focal  distance  of  the  lens. 

562.  BetermlnatioB  of  tbe  refiraottTo  tadox  of  a  liqnld. — By  measure- 

'^^^nts  of  focal  distance  the  refractive  index  of  a  liquid  may  be  ascertained  in 

^^^ses  in  which  only  small  quantities  of  liquid  are  available. 

^Bcfacc  of  a  double  convex  lens  of  known  focal  distance^;  and 

■^nown  curvature  r,  is  pressed  against  a  drop  of  the  liquid 

*n  question  on  a  glass  plate  (fig.  477).     The  liquid  forms 

^Weby  a  plano-concave  lens  whose  radius  of  curvature  is  r. 

Tlic  focal  distance  F  of  the  whole  system  is  then  determined 

^^perimcntally  ;  this  gives  the  focal  length  of  the  liquid  lens 

/  from  the  formula 

I      I  _i 

f"?  f 

^J^ilc  from  the  formula  —  -(//-  i)  —  we  get  the  value  of  n. 

363.  &arjiicoscope. — As  an  application  of  lenses  may  be  adduced  the 
^ngoscope^  which  is  an  instrument  invented  to  facilitate  the  investigation 
^  the  larynx  and  the  other  cavities  of  the  mouth.  It  consists  of  a  plano- 
^nvex  lens  L,  and  a  concave  reflector  M,  both  fixed  to  a  ring  which  can  be 
justed  to  any  convenient  lamp  (fig.  478).  The  flame  of  a  lamp  is  in  the 
principal  focus  of  the  lens,  and  at  the  same  time  is  at  the  centre  of  curvature 
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of  the  reflector.  Hence  the  divergent  pencil  proceeding  from  the  la 
the  lens  is  changed  after  emerging  into  a  parallel  penctL  Moreon 
pencil  front  the  lamp  impinging  upon  the  mirror  is  reflected  to  the  lb 


the  lens,  and  traverses  the  lens,  forming  a  second  parallel  pencil  wh 
superposed  on  the  6rst.  This  being  directed  into  the  mouth  of  a  pa 
its  condition  may  be  readily  obser\-ed. 


CHAPTER   IV. 

DISPERSION  AND  ACHROMATISM. 

}64.  DaaoxDpaaltlan  at  wUt*  Ufbti  Solar  mpeatnua, — The  pheno- 
■*enon  of  refraction  is  by  no  means  so  simple  ns  »e  have  hitherto  assumed. 
^'li*n  wAiU  light,  or  thai  which  reaches  us  from  the  sun,  passes  from  one 
■Medium  into  another,  »*/  is  decompostd  into  several  kinds  of  light,  a  pheno- 
•"enon  lo  which  the  name  dispersion  is  given. 

In  order  to  show  thai  white  light  is  decomposed  by  refraction,  a  pencil  of 

*«>U,  light  SA  (fig.  479)  is  .tllowcl   ti,  p:i^sthr,)Q-!i  ;,  ^ni.ill   aperlurc   in   ihe 
*■' ridow.shuller  of  adark 
*^**amber.     This  pencil 
**tidi  lo  form  a  round 
^^d  colourless  image  of 
~?«  sun  at   K;  but  if  a 
™»iii   glass    prism,    ar- 
ranged horiiontally,  be 
r**»i!rposed  in  its  path, 
^**«  beam,  on  emerging 
2^^^)ni  ihe  prism,  becomes 
fbtied     towards    iis 
produces  nn 


5*eends, coloured  in  all  ^ 

^■*«  tinis  of  the  rainbow,  '  '' ' 

J*^liicli  is  called  the  solar  spectrum,  see  Plate  1.  In  this  spectrum  there  is, 
1^**  «»lily,  an  infinity  of  dilTerent  tints,  which  imperceptibly  merge  into  each 
^**litr,  but  it  is  customary  to  distinguish  seven  principal  colours.  These  are 
^^fW,  indigo,  blue,  green,  yellow,  orange,  red;  they  are  arranged  in  this 
^**dtr  in  the  spectrum,  the  violet  being  the  most  refrangible,  and  the  red  ihe 
•^I  so.  They  do  not  all  occupy  an  equal  extent  in  ihe  sijectrum,  violet 
**aving  ihe  greatest  extent,  and  orange  the  least. 

^^*iIh  transparent  prisms  of  dilTercnt  substances,  or  with  hollow  glass 
Pn«ms  filled  with  various  liquids,  spectra  are  oblained  formed  of  the  same 
^oldurs,  and  in  the  same  order;  but  when  the  deviation  produced  is  the 
*ani(,  ihe  length  of  ihe  spectrum  varies  wiih  the  subsiance  of  which  the 
prism  is  rttndc.  The  angle  of  separation  of  two  selected  rays  {say  in  the  red 
Md  the  violel)  produced  by  a  prism  is  called  the  dispersion,  and  the  ratio  of 
to  the  mean  deviation  of  the  two  rays  is  called  the  ^M 
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This  ratio  is  constant  for  the  same  substance  so  long  as  the  refracting  angle 
of  the  prism  is  small.  For  the  deviation  of  the  two  rays  is  proportional  to 
the  refracting  angle ;  their  difference  and  their  mean  vary  in  the  sane 
manner,  and,  therefore,  the  ratio  of  their  difference  to  their  mean  is  constant. 
For  flint  glass  this  is  o'043  ;  for  crown  glass  it  is  ova^b ;  for  the  dispersive 
power  of  flint  is  almost  double  that  of  crown  glass. 

The  spectra  which  are  formed  by  artificial  lights  rarely  contain  all  the 
colours  of  the  solar  spectrum  ;  but  their  colours  are  found  in  the  solat 
spectrum,  and  in  the  same  order.  Their  relative  intensity  is  also  modified. 
The  shade  of  colour  which  predominates  in  the  flame  predominates  also  it> 
the  spectrum  :  yellow,  red,  and  green  flames  produce  spectra  in  which  X^ 
dominant  tint  is  yellow,  red,  or  green. 

565.  Vrodnotlon  of  »  pnra  aolmr  Bpecrtmm. — In  the  above  experiment, 
when  the  light  is  admitted  through  a  wide  slit,  the  spectrum  formed  is  btxil^ 
up  of  a  series  of  overlapping  spectra,  and  the  colours  arc  confused  and  indu- 

In  order  to  obtain  a  pure  spectrum,  the  slit,  in  the  shutter  of  the  dsi.*'* 
through  which  light  enters,  should  be  from  1 5  to  25  mm.  in  height  aJi<^ 
I  to  2  mm.  in  breadth.  The  sun's  rays  are  directed  upon  the  slit  by  * 
nirror,  or  still  better  by  a  heliostat  (534).  An  achromatic  doubte  con^^** 
ens  is  placed  al  a  distance  from  the  slit  of  double  its  own  focal  length,  wh  i  <^^ 
.hould  be  about  a  metre,  and  a  screen  is  placed  at  the  same  distance  fr"''' 
he  lens.  An  image  of  the  slit  of  exactly  the  same  size  is  thus  formed  ^>'' 
1  (561).  If  now  there  is  placed  near  the  lens,  between  it  a-C^" 
,  a  prism  with  an  angle  of  about  60°,  and  with  its  refracting  et:3£* 
parallel  to  the  slit,  a  very  beautiful,  sharp,  and  pure  spectrum  is  foimed  ^^ 
the  screen. 

The  prism  should  be  free  from  striie,  and  should  be  placed  so  tbaC  ' 
produces  the  minimum  deviation. 

566.  Tli«  ooloora  oTtts  ■paetmm  kre  almpl«,«ad  nnaqonltrrafr*^'' 
yibis.— If  one  of  the  colours  of  the  spectrum  be  isolated  by  intercepting  tl^* 
others  by  means  of  a  screen  E,  as  shown  in  fig,  480,  and  if  the  light  thf* 

isolated  be  allowed  l^ 
pass  through  a  secoft'' 
prism,  B,  a  refraction  wiU 
be  observed,  but  the  light 
remains  unchanged  ;  thai 
is,  the  image  received  on 
the  screen  H  is  violet  if 
the  violet  pencil  has  been 
allowed  to  pass,  blue  if 
the  blue  pencil,  and  so 
on.  Hence  the  colours  of  the  spectrum  are  simple  ;  that  is,  they  cannot  be 
further  decomposed  by  the  prism. 

Moreover,  the  colours  of  the  spectrum  are  unequally  refrangible  ;  that 
is,  they  possess  different  refracti\'e  indices.  The  elongated  shape  of  the 
spectrum  would  be  sufficient  to  prove  the  unequal  refrangibilityof  the  simple 
colours,  for  it  is  clear  that  the  violet,  which  is  most  deflected  towards  the 
base  of  the  prism,  is  also  most  refrangible  ;  and  that  red,  which  is  least  re- 
flected, is  least  refrangible.     But  the  unequal  refrangibility  of  simple  colours 
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may  be  shown  by  ptimerous  experiments,  of  which  the  two  following  may  be 

adduced  t^ 

1.  Two  narrow  strips  of  coloured  pnper,  one  red  and  the  other  violet,  are 
f^ieneil  dose  lo  each  other  on  a  sheet  of  black  paper.  On  looking  at  them 
through  a  prism,  they  are  seen  to  be  unequally  displaced,  the  red  band  lo  a 
less  extent  than  the  violet ;  hence  the  red  rays  are  less  refrangible  than  the 

ii.  The  same  conclusion  may  be  drawn  from  Newton's  experiment  with 
crosied  prisms.     On  a  prism  A  (fig.  481),  in  a  horizontal  position,  apuicil 


^f  »hite  light,  S,  is  received,  which,  if  it  had  merely  tniversed  the  prism  A, 
*'ould  form  the  spectrum  rv,  on  a  distant  screen.  But  if  a  second  prism,  B, 
"*  placed  in  a  vertical  position  behind  the  first,  in  such  a  manner  that  the 
'cfracted  pencil  passes  through  it,  the  spectrum  rv  becomes  deflected  towards 
tathase  of  the  vertical  prism  ;  but,  instead  of  being  deflected  in  a  direction  . 
Psrallel  to  itself,  as  would  be  the  case  if  the  colours  of  the  speccru 
«|tially  refracted,  it  is  obliquely  refracted  in  the  direction  r'l'',  proving  that 
"oni  ted  to  violet  the  colours  are  more  and  more  refrangible. 

These  different  experiments  show  that  the  refractive  index  differs  in 
o'lfrtcni  colours  ;  even  rays  which  are  to  perception  undistinguishable  have 
""•the  same  refractive  index.     In  the  red  band,  for  instance,  the  rays  at  the 


m^wh. 


extremity  of  the  spectrum  are  less  refracted  than  those  which  a 
orange  wne.  In  determining  indices  of  refraction  (540),  it  is  usual  to  take, 
m  the  inden  of  any  particular  substance,  the  refrangibility  of  the  yellow  ray 
in  a  prism  formed  of  that  substance. 
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567.  KeeompMtUon  of  white  licht. — Not  merely  can  white  light  fer 
resolved  into  lights  of  various  colours,  but  by  combitiing  the  different  penc^ 
separated  by  the  priim,  white  light  can  be  reproduced.    This  maybe  cffea^ 

i.  If  the  spectrum  produced  by  one  prism  be  allowed  to  fall  uponaseco^H 
prism  of  the  same  material,  and  the  same  refracting  angle  as  the  first,  t» 
in\-eried.as  shown  in  tig.  483,  the  latter  reunites  the  different  colours 

the  spectrum,  and  it  is  seen  that  the  em^K 
It  pencil  Y.,  which  is  parallel  to  the  pei^  • 
IS  colourless. 

ii.  If  the  spectniin  falls  upon  a  douV=: 
ivex  lens  (fig.  482),  a  white  image  of  K^  3 
I  will  be  formed  on  a  white  screen  plat^* 
the  focus  of  the  lens;  a  glass  glc»* 
produces  the  same  effect      a 


(ilied  with 

iii.  When  the  spectrum  falls  upon  a 

formed  on  a  screen  of  ground  glass  placed 

iv.  Light  m.iy  be  recomposed  by  nlei 


'hite  image      '* 
focus  (fig.  484). 
a  pretty  experiment,  whi*^" 

ill  yla-ss 
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mirrors  with  plane  fiiccs,  :iiid  wliirh  i.an  bi:  sii  im.lmcd  m  all  positions  that 
the  reflected  light  may  be  transmitted  in  any  given  direction  (fig.  485'!. 
When  these  mirrors  are  suitably  arranged,  the  seven  reflected  pencils  may 
be  caused  to  fall  on  the  ceiling,  in  such  a  manner  as  to  form  seven  distinct 
images — red,  orange,  yellow,  &c.  When  the  mirrors  are  moved  so  that 
the  separate  images  become  superposed,  a  single  image  is  obtained,  nhich 

V.  By  means  of  XcwUm's  disc  (tig.  486)  it  may  be  shown  that  the  seven 
colours  of  the  spectrum  form  white.  This  is  a  cardboard  disc  of  about  a 
foot  in  diameter  ;  the  centre  and  the  edges  are  covered  with  black  paper. 
while  in  the  space  between  there  are  pasted  strips  of  paper  of  the  colours  of 
the  spectrum.     They  proceed  from  the  centre  lo  ihedn:uniference,and  thdr 


T^laiivc  dimensions  and  tints  are  such  as  to  represent  five  spectra  (,fig,  487). 

\Mien  this  disc  is  rapidly  rotated,  the  effect  is  the  same  as  if  the  r 

ceived  simultaneously  ihe  impression  of  the  seven  colours. 

vu  If  by  a  mechanical  arrangement  a  prism,  on  which  the  sun's  light 

falls,  is  made  to  oscillate  rapidly,  so  thai  the  spectrum  also  oscillates,  the 

tniddle  of  the  spectrum  appears  white. 

These  latter  phenomena  depend  on  the  physiological  fact  that  si 
always  lasts  a  little  longer  than  Ihe  impression  from  which  it  results  (625;. 
I  f  a  new  impression  is  allowed  to  act,  before  the  sensation  arisint;  from  the 
foniOT  one  has  ceased,  a  sensation  is  obtained  consisting  of  two  impressions. 
And  by  choosing  the  time  short  enough,  Ihi^e,  four,  or  more  impressions 
may  be  mixed  with  each  other.     With  a  rapid  rotation  the  disc  (fig.  486) 


"  ifJrly  white.     It  is  not  quite  so,  for  the  colours  cannot  be  exactly  arranged 

""lie  sitne  proportion  as  those  in  which  they  exist  in  the  spectrum,  and 

^^"ttDvtt pigment  colours  are  not  pure  (sgi)' 

568.  Vnrun's  tfaeory  or  the  oamiicwltloii  of  Ilrlit. — Newton  was  the 

lint  to  decompose  while  light  by  the  prism,  and  to  recompose  it.  From  the 
'  Jnoof  experiments  which  we  have  described,  he  concluded  that  while  light 
"«  not  homogeneous,  but  formed  of  seven  lights  unequally  refrangible, 
"hifh  he  trailed  simple  or  primitive  lights.  Owing  to  ihe  difference  in  re- 
frMjjibility  they  become  separaietl  in  traversing  the  prism. 

liie  designation  of  the  various  colours  of  the  spectrum  is  to  a  very  great 
"lent  arbitrary  ;  for,  in  sirict  accuracy,  the  spectrum  is  made  up  of  a 
i-niie  number  of  simple  colours,  which  pass  into  one  another  by  imperceptible 
L-radations  of  colour  and  refrangibilily. 
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569.  Colour  of  bodies. — The  natural  colour  of  bodies  results  from 
fact  that  of  the  coloured  rays   contained  in  white  light,  one  portion 
absorbed  at  the  sr.rface  of  the  body.     If  the  unabsorbed  portion  trave 
the  body,  it  is  coloured  and  transparent ;  if,  on  the  contrary,  it  is  reflecti 
it  is  coloured  and  opaque.     In  both   cases  the  colour  results  from 
constituents    which    have  not  been  absorbed.      Those   which    reflect 
transmit  all  colours  in  the  proportion  in  which  they  exist  in  the  s 
are  white ;    those  which   reflect  or  transmit    none  are  black, 
these  two  limits  there  are  infinite  tints  according  to  the  greater  or  1 
extent  to  which  bodies  reflect  or  transmit  some  colours  and  absorb  oth 
Thus  a  body  appears  yellow  because  it  absorbs  all  colours  with  the 
ception  of  yellow.     In   like  manner,  a  solution  of  ammoniacal  oxid 
copper  absorbs  preferably  the  red  and  yellow  rays,  transmits  the  blue  r 
almost  completely,  the  green  and  violet  less  so,  hence  the  light  seen  throi 
it  is  blue. 

Hence  bodies  have  no  colour  of  their  own ;  the  colour  of  the  b 
changes  with  the  nature  of  the  incident  light.  Thus,  if  a  white  body 
dark  room  be  successively  illuminated  by  each  of  the  colours  of  the  spectr — "■um, 
it  has  no  special  colour,  but  appears  red,  orange,  green,  &c.,  according  to  the 
position  in  which  it  is  placed.  If  homogeneous  light  falls  upon  a  bod 
appears  brighter  in  the  colour  of  this  light,  if  it  does  not  absorb  this  col 
but  black  if  it  does  absorb  it.  In  the  light  of  a  lamp  fed  by  spirit  in  wi 
some  common  salt  is  dissolved,  everything  white  and  yellow  seems  bri 
while  other  colours,  such  as  vermilion,  ultramarine,  and  malachite, 
black.  This  is  well  seen  in  the  case  of  a  stick  of  red  sealing-wax  viewe 
such  a  light.  In  the  light  of  lamps  and  of  candles,  which  from  the 
blue  rays  appear  yellow,  yellow  and  white  appear  the  same,  and  blue  se 
like  green.  In  bright  twilight  or  in  moonshine  the  light  of  gas  has  a  red^ 
tint. 

570.  Mixed  ooloure.     Complementary  oolonrs. — By  mixed  colou 
understand  the  impression  of  colour  which  results  from  the  coincident  acr'  "<)on 
of  two  or  more  colours  on  the  same  position  of  the  retina.     This  new        ]^' 

pression  is  single;  it  cannot  be  resolved  ^"^^o 
its  components ;  in  this  respect  it  differs  ^"^^^ 
a  complex  sound,  in  which  the  ear,  by  prac  -^^^cc, 
can  learn  to  distinguish  the  constituents.  M 
colours  may  be  produced  by  looking  i 
oblique  direction  through  a  vertical  glass 
P  (fig.  488)  at  a  coloured  wafer  b,  while,  ai 
same  time,  a  wafer  of  another  colour^ 
its  light  by  reflection  towards  the  obser 
eye  ;  if /r  is  placed  in  a  proper  position,  which  is  easily  found  by  tri 
image  exactly  coincides  with  that  of  b.  The  method  of  the  colour 
(567J  affords  another  means  of  producing  mixed  colours. 

If  in  any  of  the  methods  by  which  the  impression  of  mixed  spe^^'^ 
colours  is  produced,  one  or  more  colours  be  suppressed,  the  residue  c^^^^* 
sponds  to  one  of  the  tints  of  the  spectrum  ;  and  the  mixture  of  the  col^^^ 
taken  away  produces  the  impression  of  another  spectral  colour.     Thus,  i^  "* 
fig.  482  the  red  rays  are  cut  off  from  the  lens  L,  the  light  on  the  focus  i5  tio 


or 
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longer  while  but  greenish  blue.  In  like  manner  if  the  violet,  indigo,  and 
^lac  of  the  colour  disc  be  suppressed,  ihe  rest  seems  yellow,  while  the 
Buxiure  of  that  which  has  been  taken  out  is  a  bluish  violet.  Hence  white 
pu)  always  be  compounded  of  tvio  tints  ;  and  two  tints  which  together  give 
prhile  are  called  complementary  colours.  Thus  of  spectral  lints  rtd  and 
^rrtniih  yellenv  are  complementary,  so  are  orange  and  Prussian  blue; 
ftllov  and  indigo  blue  -.  greenish  yello^v  and  violet. 

The  method   by  which    Heimholti  investigated   the   mi\ture  of  spectral 
Colours  is  as  follow,  ;~Two  ver>'  narrow  slit',  A   and   B   ifin.  4S9),  at   right 


hngles  10  eaih  uilii^r,  .irc  made  in  the  shiitter  01  a  dark  room  ;  at  a  distance 
btun  this  is  placed  a  powerfully  dispersing  prism  with  its  refracting  edge 
frenical.  When  this  is  viewed  through  a  telescope  the  slit  B  gives  the 
bblique  spectrum  LM,  while  the  slit  A  gives  the  spectrum  ST,  These  two 
kpectra  partially  overlap,  and  where  this  is  l^c  C3,sc  live  homogeneous  spectral 
iBelours  mix.  Thus  at  I  the  red  of  one  spectrum  coincides  with  the  green  of 
tlie  other  ;  at  3,  indigo  and  yellow  coincide  ;  and  so  forth. 

When  the  experiment  is  made  with  suitable  precautions,  the  colours  ob- 
tained by  mixing  the  spectral  colours  are  given  in  the  table  on  the  next  page, 
Mere  (he  fundamental  spectra  to  be  mixed  are  given  in  the  lirst  horizontal 
lUid  vertical  column,  and  the  resultant  colours,  where  these  cross. 

The  mixture  of  mixed  colours  gives  rise  to  no  new  colours.  Only  the 
Itomecoloursare  obtained  as  a  mixture  of  the  primitive  spectral  colours  would 
Irietd,  except  that  they  are  less  suturatcd,  as  it  is  called  ;  that  is,  more  mixed 
Mith  while. 

571.  Sp BMr Bl  oolonra  and  ptcment  ooloora. — A  distinction  must  be 
bude  between  spectral  colours  and  pigment  colours.  Thus  a  mixture  of 
^gment  yellow  and  pigment  blue  produces  green,  and  not  white,  as  is  the 
Ease  when  the  blue  and  yellow  of  the  spectrum  are  mixed.  The  reason  of 
Biis  is  that  in  the  mixture  of  pigments  we  have  a  case  of  subtraction  of 
telours,  and  not  of  addition.  For  the  pigment  blue  in  the  mixture  absorbs 
Umost  entirely  the  yellow  and  red  light ;  and  the  pigment  yellow  absorbs 
j^  blue  and  violet  light,  so  that  only  the  green  remains. 

In  the  above  series  are  two  spectral  colours  very  remote  in  the  spectrum 
prhich  have  nearly  the  same  complementary  tints  :  these  are  red,  the  com- 
^onentary  colour  to  which  is  greenish  blue ;  and  violet,  whose  complementary 
boloar  b  greenish  yellow.  Now  when  two  pairs  of  complementary  colours 
IffE  mixed  together,  ihey  must  produce  white  just  as  if  only  two  comple- 
Itientary  colours  were  mixed.  But  a  mixture  of  greenish  blue  and  of  greenish 
is  green.  Hence  it  follows  that  from  a  mixture  of  red,  green,  and 
" '  e  must  be  formed.     This  may  easily  be  ascertained  to  be  th^ 
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by  means  of  a  colour  disc  on  which  are  these  three  colours  in  suitable  pro< 
portions. 


Violet 

Blue 

Green 

Yellow 

Bed 

1 

i 

Bed    : 

Purple 

Rose     :     ^^ 
,    yellow 

! 

Orange 

Red 

Yellow 
.  Green  ; 

Rose      White  '^'*^"°^^^^ 

Tf  uAi;v        green 

Yellow 

Pale  blue 

.^""^"^    i    Greea 
.  green         ^»«^» 

Blue 

1 
Indigo          Blue 

1  Violet 

i 

Violet 

From  the  above  facts  it  follows  that  from  a  mixture  of  red,  g^een,  an<t 
violet  all  possible  colours  may  be  constructed,  and  hence  these  three  spectra) 
colours  are  called  ih^  fundamental  colours.  It  must  be  remarked  that  the 
tints  resulting  from  the  mixture  of  these  three  have  never  the  saturation  of 
the  individual  spectral  colours. 

We  have  to  discriminate  three  points  in  regard  to  colour.  In  the  first 
place,  the  //;//  or  colour  proper,  by  which  we  mean  that  special  property 
which  is  due  to  a  definite  refrangibility  of  the  rays  producing  it ;  secondly^ 
the  saturation,  which  depends  on  the  greater  or  less  admixture  of  white  light 
with  the  colours  of  the  spectrum,  these  being  colours  which  are  fully  satu- 
rated :  and  thirdly,  there  is  the  intensity^  which  depends  on  the  amplitude  of 
vibration. 

572.  Bomoflreneons  liflrbt. — The  light  emitted  from  luminous  bodies  is 
seldom  or  never  quite  pure  ;  on  being  examined  by  the  prism  it  will  be  found 
to  contain  more  than  one  colour.     In  optical  researches  it  is  frequently  of 
great  importance  to  procure  homogeneous  or  monochromatic  light.     Common 
salt  in  the  flame  of  a  Bunsen's  lamp  gives  a  yellow  of  great  purity.     For  red 
light,  ordinar>'  light  is  transmitted  through  glass  coloured  with  suboxide  of 
copper,  which  absorbs  nearly  all  the  rays  excepting  the  red.     A  very  pure 
blue  is  obtained  by  transmitting  ordinary  light  through  a  glass  trough  con- 
taining an  ammoniacal  solution  of  sulphate  of  copper,  and  a  nearly  pure  red 
by  transmitting  it  through  a  solution  of  sulphocyanide  of  iron. 

573.  Properties  of  the  spectram. — Besides  its  luminous  properties,  the 
spectrum  is  found  to  produce  calorific  and  chemical  effects. 

Luminous  properties.  It  appears  from  the  experiments  of  Fraunhofer 
and  of  Herschel,  that  the  light  in  the  yellow  part  of  the  spectrum  has  the 
greatest  intensity,  and  that  in  the  violet  the  least. 

Heating  effects.     It  was  long  known  that  the  various  parts  of  the  spectrum 
differed  in  their  calorific  effects.     Leslie  found  that  a  thermometer  placed  in 


-478]  Chemical  Properties  of  tJu  Spectrum,  507- 

different  parts  of  the  spectrum  indicated  a  higher  temperature  as  it  moved 
from  violet  towards  red.  .  Herschel  fixed  the  maximum  intensity  of .  the . 
Keating  effects  just  outside  the  red ;  Berard  in  the  red  itself.  Seebeck 
showed  that  those  different  effects  depend  on  the  nature  of  a  prism  ;  with  a 
prism  of  water  the  greatest  caloritic  effect  is  produced  in  the  yellow  ;  with 
ooe  of  alcohol  it  is  in  the  orange-yellow ;  and  with  a  prism  Of  crown  glass  it 
is  in  the  middle  of  the  red. 

Melloni,  by.  using  prisms  and  lenses  of  rock  salt,  and  by  availing  himself 
of  the  extreme  delicacy  of  the  thermo-electric  apparatus,  ^rst  made  a  com- 
plete investigation  of  the  calorific  properties  of  the  thermal  spectrum.  .  This 
result  led,  as  we  have  seen,  to  the  confirmation  and  extension  of  Seebeck's 
observations. 

Chemical  properties.  In  numerous  phenomena,  light  exerts  a  chemical, 
action.  For  instance,  chloride  of  silver  blackens  under  the  influence  of  light ; 
transparent  phosphorus  becomes  opaque  ;  vegetable  colouring  matters  fade  ; 
hydrogen  and  chlorine  gases,  when  mixed,  combine  slowly  in  diffused  light, 
and  with  explosive  violence  when  exposed  to  direct  sunlight.  The  chemical 
action  differs  in  different  parts  of  the  spectrum.  Scheele  found  that  when 
chloride  of  silver  was  placed  in  the  violet,  the  action  was  more  energetic 
than  in  any  other  part  WoUaston  observed  that  the  action  extended  beyond 
the  violet,  and  concluded  that,  besides  the  visible  rays,  there  are  some 
invisible  and  more  highly  refrangible  rays.  These  are  the  chemical  or 
actinic  rays. 

The  most  remarkable  chemical  action  which  light  exerts  is  in  the  growth 
of  plant  life.  The  vast  masses  of  carbon  and  hydrogen  accumulated  in  the 
\*egetable  world  owe  their  origin  to  the  carbonic  acid  and  aqueous  vapour 
present  in  the  atmosphere.  The  light  which  is  absorbed  by  the  g^een  parts 
of  plants  acts  as  a  reducing  agent.  The  reduction  does  not  extend  to  the 
complete  isolation  of  carbon  and  hydrogen,  and  the  individual  stages  of  the 
process  are  unknown  to  us  ;  but  the  general  result  is  undoubtedly,  that  under 
the  influence  of  the  sun's  rays  the  chemical  attraction  which  holds  together 
the  carbon  and  oxygen  is  overcome  ;  the  carbon,  which  is  set  free,  assimilates 
at  that  moment  the  elements  of  water,  forming  cellulose  or  woody  fibre, 
while  the  oxygen  returns  to  the  atmosphere  in  the  gaseous  form.  The 
equivalent  of  the  sunlight  which  has  been  absorbed  is  to  be  sought  in  the 
chemical  energy  of  the  separated  constituents.  When  we  burn  petroleum, 
orcoalf'we  reproduce,  in  some  sense,  the  light  which  the  sun  has  expended 
in  former  ages  in  the  production  of  a  primeval  vegetable  growth. 

The  researches  of  Bunsen  and  Roscoe  show  that  whenever  chemical 
action  is  induced  by  light,  an  absorption  of  light  takes  place,  preferably  of 
the  more  refrangible  parts  of  the  spectrum.  Thus,  when  chlorine  and 
hydrogen  unite,  under  the  action  of  light,  to  form  hydrochloric  acid,  light  is 
absorbed,  and  the  quantity  of  chemically  active  rays  consumed  is  directly 
proportional  to  the  amount  of  chemical  action. 

There  is  a  curious  difference  in  the  action  of  the  different  spectral  rays. 
Moser  placed  an  engraving  on  an  iodised  silver  plate,  and  exposed  it  to  the 
light  until  an  action  had  commenced,  and  then  placed  it  under  a  violet  glass 
in  the  sunlight.     After  a  few  minutes  a  picture  was  seen  with  great  distinct 
ness,  while  when  placed  under  a  red  or  yellow  glass  it  required  a  very  -k 
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time,  and  was  very  indistinct.  When,  however,  the  iodised  silver  plate  was 
first  exposed  in  a  camera  obscura  to  blue  light  for  two  minutes,  and  was  then 
brought  under  a  red  or  yellow  glass,  an  image  quickly  appeared,  but  not 
when  placed  under  a  green  glass.  It  appears  as  if  there  are  vibrations  of  a 
certain  velocity  which  could  commence  an  action,  and  that  there  are  others 
which  are  devoid  of  the  property  of  commencing,  but  can  continue  and 
complete  an  action  when  once  set  up.  Becquerel,  who  discovered  these 
properties  in  luminous  rays,  called  the  former  exciting  raysy  and  the  latter 
continuing  ox  phospharogefiic  rays.  The  phosphorogenic  rays,  for  instance, 
.have  the  property  of  rendering  certain  objects  self-luminous  in  the  dark 
after  they  have  been  exposed  for  some  time  to  the  light.  Becquerel  found 
that  the  phosphorogenic  spectrum  extended  from  indigo  to  beyond  the 
violet. 

574.  Bark  lines  of  tbe  Bpeetnim. — The  colours  of  the  solar  spectrum 
are  not  continuous.  For  several  grades  of  refrangibility  rays  are  wanting, 
and  in  consequence,  throughout  the  whole  extent  of  the  spectnun,  there 
are  a  great  number  of  very  narrow  dark  lines.  To  observe  them,  a  pencil 
of  solar  rays  is  admitted  into  a  darkened  room,  through  a  narrow  slh. 
At  a  distance  of  three  or  four  yards  we  look  at  this  slit  through  a  prism 
of  flint  glass,  which  must  be  very  free  from  flaws,  taking  care  to  hold  its 
edge  parallel  to  the  slit.  We  then  observe  a  great  number  of  very  delicate 
dark  lines  parallel  to  the  edge  of  the  prism,  and  at  very  unequal  inter\'als. 

The  existence  of  the  dark  lines  was  flrst  observed  by  Wollaston  in  1802  ; 
but  Fraunhofer,  a  celebrated  optician  of  Munich,  flrst  studied  and  gave  a 
detailed  description  of  them.  Fraunhofer  mapped  the  lines,  and  indicated 
the  most  marked  of  them  by  the  letters  A,  ^i,  B,  C,  D,  E,  ^,  F,  G,  H  ;  they 
are  therefore  generally  known  as  Fraunhofer's  lines. 

The  dark  line  A  (see  flg.  2  of  Plate  I.)  is  at  the  extremity  and  B  in  the 
middle  of  the  red  ray ;  C  at  the  boundary  of  the  red  and  orange  ray  ;  D  is 
in  the  yellow  ray  ;  E,  in  the  green  ;  F,  in  the  blue  ;  G,  in  the  indigo ;  H,  in 
the  violet.  There  are  certain  other  noticeable  dark  lines,  such  as  <i  in  the 
red,  and  b  in  the  green.  In  the  case  of  solar  light  the  positions  of  the  dark 
lines  are  flxed  and  deflnite ;  on  this  account  they  are  used  for  obtaining  an 
exact  determination  of  the  refractive  index  (538)  of  each  colour ;  for  example, 
the  refractive  index  of  the  blue  ray  is,  strictly  speaking,  that  of  the  dark  line 
F.  In  the  spectra  of  artiflcial  lights,  and  of  the  stars,  the  relative  positions 
of  the  dark  lines  are  changed.  In  the  electric  light  the  dark  lines  are  re- 
placed by  brilliant  lines.  In  coloured  flames — that  is  to  say,  flames  in  which 
certain  chemical  substances  undergo  evaporation — the  dark  lines  are  replaced 
by  very  brilliant  lines  of  light,  which  difler  for  diflferent  substances.  Lastly, 
some  of  the  dark  lines  are  constant  in  position  and  distinctness,  such  as 
Fraunhofer's  lines  ;  but  some  of  the  lines  only  appear  as  the  sun  nears  the 
horizon,  and  others  are  strengthened.  They  are  also  influenced  by  the  state 
of  the  atmosphere.  The  flxed  lines  are  due  to  the  sun  ;  the  variable  lines 
have  been  proved  by  Jannsen  and  Seech i  to  be  due  to  the  aqueous  vapour 
in  the  air,  and  are  called  atmospheric  or  telluric  lines. 

Fraunhofer  counted  in  the  spectrum  more  than  600  dark  lines,  more  or 
less  distinct,  distributed  irregularly  from  the  extreme  red  to  the  extreme 
violet  ray.     Brewster  counted  2,000.     By  causing  the  refracted  rays  to  pass 


ivcly  through  several  analysing  prisms,  not  merely  has  the  exbtence 
ot  3,000  dark  lines  been  ascertained,  but  several  which  had  been  supposed 
10  be  single  have  been  shown  (o  be  compound. 

575.  AppUcmUoDsof  rrsonbolbr'aUnem. — Subsequently  10  Kraunhofer, 
several  physicists  studied  the  dark  lines  of  the  spectrum.  In  [822  Sir  J. 
Herschel  remarked  that  by  volatilising  substances  in  a  flame  a  very  delicate 
means  is  affoided  of  detecting  certain  ingredients  by  the  colours  they  impart 
to  certain  of  the  dark  lines  of  the  spectrum  ;  and  Fox  Talbot  in  1834  sug- 
gested optical  analysis  as  probably  the  most  delicate  means  of  detecting 
minute  portions  of  a  substance.  To  Kirchhtiffand  Bunsen,  however,  is  really 
due  the  merit  of  basing  on  the  observation  of  the  lines  of  the  spectrum  a 
method  of  analysis.  They  ascertained  that  the  salts  of  the  same  metal,  v  " 
introduced  into  a  flame,  always  produced  lines  identical  in  colourand  position,  J 
bat  different  in  colour,  position,  or  number  for  different  metals  :  and  finally,  .f 


It  an  exceedingly  small  quanLiiy  of  a  miriai  sul^ccs  to  disclose  its  existence  i 
Hence  has  arisen  a  new  and  powerful  method  of  analysis,  known   by  the 
name  of  spectrum  analysis. 

S76.  SpeotroBeope.— The  name  of  spectroscope  has  been  given  d 
appardtus  employed  by  Kirchhoff  and  Bimsen  for  the  study  of  the  spectrum 
One  oftheformsof  this  apparatus  is  represented  in  fig,  490.  It  is  composed 
of  three  telescopes  mounted  on  a  common  foot,  and  whose  axes  converge 
towards  a  prism,  P,  of  flint  glass.  The  telescope  A  is  the  only  one  which 
can  turn  round  the  prism.  It  is  fixed  in  any  required  position  by  a  clamping  ' 
•crew  B,  The  sereiv-head  m  is  used  to  focus  the  eyepiece.  The  s 
bwKl  n  terves  to  change  the  inclination  of  the  axis. 
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To  explain  the  use  of  the  telescopes  B  and  C,  we  must  refer  to  fig.  491, 
which  shows  the  passage  of  the  light  through  the  apparatus.  The  rays 
emitted  by  the  flame  G  fall  on  the  lens  a,  and  are  caused  to  converge  to  a 
''point  4,  which  is  the  principal  focus  of  a  second  lens  c.  Consequently  the 
pencil,  on  leaving  the  telescope  B,  is  formed  ofparallel  rays  (553).  This  pencil 
enters  the  prism  P.  On  leaving  the  prism  the  light  is  decomposed,  and  in 
this  state  fails  on  the  lens  x.  By  this  lens  x  a  real  and  reversed  image  of 
the  spectrum  is  formed  at  i.  This  image  is  seen  by  the  observer  through  a 
magnifying  glass,  which  forms  at  xi*  a  virtual  image  of  the  spectrum  magni- 
fied about  ei^t  times. 

The  telescope  C  setves  to  measure  the  relative  distances  of  the  lines 
of  the  spectrum.     For  this  purpose  a  micrometer  is  'placed  at  w  divided 

into  25  equal 
parts.  The 
micrometer  is 
formed  thus: 
— A  scale  of 
3  50  millime- 
tres is  divid- 
ed with  great 
exactness  into 
2;  equal  parts. 
A  photogra- 
phic negative 
on  glass  of  this 
scale  is  taken, 
reduced  to  1 5 
mini  met  res. 

the  nejjaiive  !s  taken  because  then  the  scale  is  light  on  a  dark  ground. 
The  scale  is  then  placed  at  m  in  the  principal  focus  of  the  lens  *;  conse- 
quently, when  the  scale  is  lighted  by  the  candle  F,  the  rays  emitted  from  it 
leave  the  lens  <■  In  parallel  pencils  ;  a  portion  of  these,  being  reflected  from 
a  face  of  the  prism,   passes  through   a 
lens   X,   and  forms  a  perfectly   distinct 
i^^    \J|.  image  of  the  micrometer  at  i,  thereby 

l^^bJp^  furnishing    the    means    of    measuring 

I  =J\  -'^^HSiM  S\'  ''"^'^''^  ^^^    relative    distances  of  the 

/■       ^V^^Vl)  different  spectral  lines. 

\^k  ^^^Km- •  ^^   micrometric   telescope    C    (fig. 

^B  ^^^ijt^      ''90)  is  furnished  with  several  adjusting 

T  /ft  screws,  /,  o,  r :  of  these,  t   adjusts  the 

1  J  A  focus;   o   displaces   the   micrometer  in 

l  IT  ^""^  direction  of  the  spectrum  laterally ; 

^  ]  r  '■*'*^^  °^  lowers  the  micrometer,  which 

Kic  ,y,,  ■'  does  by  giving  different  inclinations 

to  the  telescope. 
The  opening  whereby  the  light  of  the  flame.G  enters  the  telescope  B 
consists  of  a  narrow  vertical  slit,  which  can  be  opened   more  or  less  by 
causing  the  movable  piece  a  to  advance  or  recede  by  means  of  the  screw  v 
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<fig.  492).  When,  for  purposes  of  comparison,  the  spectra  of  two  flames 
•arc  to  be  examined  simultaneously,  a  small  prism,  whose  refracting  angle 
is  60%  is  placed  over  the  upper  part  of  the  slit.  Rays  from  one  of  the 
flames,  H,  fall  at  right  angles  on  one  face  of  the  prism  ;  they  then  experience 
4otal  reflection  on  a  second  face,  and  leave  the  prism  by  the  third  face,  and 
in  a  direction  at  right  angles  to  that  face.  By  this  means  they  pass  into  the 
telescope  in  a  direction  parallel  to  its  axis,  without  in  any  degree  mixing  with 
the  rays  which  proceed  from  the  second  flame,  G.  Consequently  the  two 
pencils  of  rays  traverse  the  prism  P  (flg.  491),  and  form  two  horizontal  spectra, 
which  are  viewed  simultaneously  through  the  telescope  A.  In  the  flames  G 
and  H  are  platinum  wires,  ^,  e\  These  wires  have  been  dipped  beforehand 
into  solutions  of  the  salts  of  the  metals  on  which  experiment  is  to  be  made  ; 
•and  by  the  vaporisation  of  these  salts  the  metals  modify  the  transmitted 
light,  and  give  rise  to  definite  lines. 

Each  of  the  flames,  G  arid  H,  is  a  jet  of  ordinary  gas.  The  apparatus 
through  which  the  gas  is  supplied  is  known  as  a  Bunset^s  burner.  The  gas 
-comes  through  the  hollow  stem  k  (fig.  490).  At  the  lower  part  of  this  there 
•is  a  lateral  orifice  which  admits  air  to  support  the  combustion  of  the  gas. 
This  orifice  can  be  more  or  less  closed  by  a  small  diaphragm,  which  acts  as 
a  regulator.  If  we  allow  a  moderate  amount  of  air  to  enter,  the  gas  bums 
with  a  luminous  flame,  and  the  lines  are  obscured.  But  if  a  strong  and 
steady  current  of  air  enters,  the  carbon  is  rapidly  oxidised,  the  flame  loses  its 
brightness,  and  bums  with  a  pale  blue  light,  but  with  an  intense  heat.  In 
this  state  it  no  longer  yields  a  spectrum.  If,  however,  a  metallic  salt  is  in- 
troduced either  in  a  solid  state  or  in  a  state  of  solution,  the  spectrum  of  the 
metal  makes  its  appearance,  and  in  a  fit  state  for  observation. 

There  are  three  chief  types  of  spectra  :  the  cotUinuous  spectra,  or 
those  furnished  by  ignited  solids  and  liquids  (fig.  i,  Plate  I.);  ^<t  band  ox 
Jine  spectrum,  consisting  of  a  number  of  bright  lines,  and  produced  by 
ignited  gases  or  vapours  ;  and  absorption  spectra,  or  those  furnished  by  the 
sun  or  fixed  stars.  For  an  explanation  of  these  see  art.  579.  Bodies  at  a 
red  heat  give  only  a  short  spectrum,  extending  at  most  to  the  orange ;  as 
the  temperature  gradually  rises,  yellow,  green,  blue,  and  violet  successively 
appear,  while  the  intensity  of  the  lower  colours  increases. 

Instead  of  the  prism  very  pure  spectra  may  also  be  obtained  by  means  of 
a  grating  (647).  For  more  detailed  investigations  of  the  spectral  lines  a  train 
of  prisms  is  used,  the  light  on  emerging  from  one  prism  passing  into  another. 
By  this  means  far  greater  dispersion  is  obtained,  though  at  the  same  time 
there  is  a  great  loss  of  light.  In  the  case  of  ten  prisms  it  has  been  found 
to  amount  to  ninety-nine  per  cent. 

Christie  has  used  with  advantage  a  semi -prism  obtained  by  cutting  an 
isosceles  prism,  by  a  plane  at  right  angles  to  the  base.  These  semi-prisms 
have  the  advantage  that  they  produce  as  much  dispersion  as  with  several 
prisms  without  any  appreciable  loss  in  the  sharpness  of  the  images ;  and 
without  that  absorption  of  light  which  in  the  case  of  a  number  of  prisms 
is  so  very  considerable. 

577.  IMreet  Tision  speotrosoope. — Prisms  may  be  combined  so  as-  to 
^ct  rid  of  the  dispersion  without  entirely  destroying  the  refraction  (584) ; 
<hey  may,  conversely,  be  combined  so  that  the  light  is  not  refracted,  but  is 
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fig.  493. 


decomposed  and  produces  a  spectrum.  Combinations  of  prisms  of  this  kind 
are  used  in  what  are  called  direct  vision  spectroscopes.  Fig.  493  represents 
the  section  of  such  an  instrument  in  about  f  the  natural  size.  A  system  of 
two  flint  and  three  crown  glass  prisms  is  placed  in  a  tube  which  moves  in 
a  second  one  :  at  the  end  of  this  is  an  aperture  Oy  and  inside  it  a  slit  the 
width  of  which  can  by  a  special  arrangement  be  regulated  by  simply  turning 
a  ring  r.  A  small  achromatic  lens  is  introduced  at  oo,  the  focus  of  which  is 
at  the  slit,  so  that  the  rays  pass  parallel  through  the  train  of  lenses,  and  the 
spectrum  is  viewed  at  e. 

The  reifersion  spectroscope  contains  two  equal  systems  of  direct  vision 

prisms  arranged   close   to   each  other,  but  reversed^  so  that  two  spectra 

9.  are  obtained  with  the 

colours  in  opposite 
order.  By  suitable 
micrometric  movement 
of  a  split  lens,  the  posi- 
tion of  the  two  spectra 
may  be  moved  apart  or 
nearer  each  other.  Hence  it  is  possible  to  bring  any  two  identical  lines  so 
that  they  are  in  the  same  vertical  line.  If  now  the  position  of  these  lines  in 
the  spectrum  is  altered,  the  displacement  will  take  place  in  the  opposite 
direction  in  the  two  spectra,  and  will  therefore  be  twice  as  distinct. 

57^*  Bzperiments  witli  tbe  speotrosoope. — The  coloured  plate  at  the- 
beginning  shows  certain  spectra  observed  by  means  of  the  spectroscope* 
No.  I  represents  the  continuous  spectrum. 

No.  2  shows  the  spectrum  of  sodium.  The  spectrum  contains  neither 
red,  orange,  green,  blue,  nor  violet.  It  is  marked  by  a  very  brilliant  >'ellow 
ray  in  exactly  the  same  position  as  Fraunhofer's  dark  line  D.  Of  all  metals 
sodium  is  that  which  possesses  the  greatest  spectral  sensibility.  In  fact,  it 
has  been  ascertained  that  one  two-hundred-millionth  of  a  grain  of  sodium 
is  enough  to  cause  the  appearance  of  the  yellow  line.  Consequently  it 
is  very  difficult  to  avoid  the  appearance  of  this  line.  A  very  little  dust 
scattered  in  the  apartment  is  enough  to  produce  it — a  circumstance  which 
shows  how  abundantly  sodium  is  distributed  throughout  nature. 

No.  3  is  the  spectrum  of  Hthiuvt.  It  is  characterised  by  a  well-marked 
line  in  the  red  called  Lia,  and  by  the  feebler  orange  line  Li^. 

Nos.  4  and  5  show  the  spectra  of  ccesium  and  rubidium^  metals  discovered 
by  Bunsen  and  Kirchhoff  by  means  of  spectrum  analysis.  The  former  is 
distinguished  by  two  blue  lines,  Csa  and  Cs/3 ;  the  latter  by  two  very  brilliant 
dark  red  lines,  Rby  and  Rbd,  and  by  two  less  intense  violet  lines,  Rba  and 
Rbj3.  A  third  metal,  thallium^  has  been  discovered  by  the  same  method 
by  Mr.  Crookes  in  England,  and  independently  by  M.  Lamy  in  France, 
Thallium  is  characterised  by  a  single  green  line.  Subsequently  to  this 
Richter  and  Reich  discovered  a  neu-  metal  associated  with  zinc,  and  which 
they  call  indium  from  a  couple  of  characteristic  lines  which  it  forms  in  the 
indigo  ;  and  quite  recently  Boistoaudran  has  discovered  a  new  metal  which 
he  calls  gallium  existing  in  zinc  in  ver>'  minute  quantities. 

The  extreme  delicacy  of  the  spectrum  reactions,  and  the  ease  with  which 
they  are  produced,  constitute  them  a  most  valuable  help  in  the  qualitative 
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analysis  of  the  alkalies  and  alkaline  earths.  It  is  sufficient  to  place  a  small 
portion  of  the  substance  under  examination  on  platinum  wire  as  represented 
in  fig.  493,  and  compare  the  spectrum  thus  obtained  either  directly  with  that 
of  another  substance,  or  with  the  charts  in  which  the  positions  of  the  lines 
produced  by  the  various  metals  are  laid  dovm. 

With  other  metals  the  production  of  their  spectra  is  more  difficult, 
especially  in  the  case  of  some  of  their  compounds.  The  heat  of  a  Bunsen's 
burner  is  insufficient  to  vaporise  the  metals,  and  a  more  intense  temperature 
must  be  used.  This  is  effected  by  taking  electric  sparks  between  wires  con- 
sisting of  the  metal  whose  spectrum  is  required,  and  the  electric  sparks  are 
most  conveniently  obtained  by  means  of  RuhmkorfTs  coil  or  inductorium. 
Thus  all  the  metals  may  be  brought  within  the  sphere  of  spectrum  obser- 
vations. 

The  power  of  the  apparatus  has  great  influence  on  the  nature  of  the 
spectrum  ;  while  an  apparatus  with  one  prism  only  gives  in  a  sodium  flame 
the  well-known  yellow  line,  an  apparatus  with  more  prisms  resolves  it  into 
two  or  three  lines. 

It  has  been  observed  that  the  character  of  the  spectrum  changes  with  the 
temperature  ;  thus  chloride  of  lithium  in  the  flame  of  a  Bunsen's  burner  gives 
a  single  intense  peach-coloured  line  ;  in  a  hotter  flame,  as  that  of  hydrogen, 
it  g^ves  an  additional  orange  line ;  while  in  the  oxyhydrogen  jet  or  the 
vduuc  arc  a  broad  brilliant  blue  band  comes  out  in  addition.  The  sodium 
spectrum  produced  by  a  Bunsen's  burner  consists  of  a  single  yellow  line  ; 
ii^  by  the  addition  of  oxygen,  the  heat  be  gradually  increased,  more  bright 
lines  appear ;  and  with  the  aid  of  the  oxyhydrogen  flame  the  spectrum  is 
continuous.  Sometimes  also,  in  addition  to  the  appearance  of  new  lines,  an 
increase  in  temperature  resolves  those  bands  which  exist  into  a  number  of 
fine  lines,  which  in  some  cases  are  more  and  in  some  less  refrangible  than  the 
bands  from  which  they  are  formed.  It  may  be  supposed  that  the  glowing 
vapour  found  at  the  low  temperature  consists  of  the  oxide  of  some  difficultly 
reducible  metal,  whereas  at  the  enormously  high  temperature  of  the  spark 
these  compounds  are  decomposed,  and  the  true  bright  lines  of  the  metal  are 
fonned. 

The  delicacy  of  th|5  reaction  increases  very  considerably  with  the  tem- 
perature. With  the  exception  of  the  alkalies,  it  is  from  40  to  400  times 
greater  at  the  temperature  of  the  electric  spark  than  at  that  of  Bunsen's 
burner. 

The  spectra  of  the  permanent  gases  are  best  obtained  by  taking  the 
electric  spark  of  a  RuhmkorfTs  coil,  or  Holtz's  apparatus,  through  glass 
tubes  of  a  special  construction,  provided  with  electros  of  platinum  and 
filled  with  the  gas  in  question  in  a  state  of  great  attenuation,  known  as 
Gtissler^s  tubes  ;  if  the  spark  be  passed  through  hydrogen,  the  light  emitted 
is  bright  red,  and  its  spectrum  consists  of  one  bright  red,  one  green,  and  one 
blue  line  No.  7,  the  first  two  of  which  appear  to  coincide  with  Fraunhofer's 
lines  C  and  F,  and  the  third  with  a  line  between  F  and  G.  No.  6  repre- 
sents the  spectrum  of  oxygen.  No.  8  is  the  spectrum  of  nitrogen.  The 
light  of  this  gas  in  a  Geissler's  tube  is  purple,  and  the  spectrum  very  com- 
plicated. 

If  the  electric  discharge  takes  place  through  a  compound  gas  or  vapour, 
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the  spectra  are  those  of  the  elementary  constituents  of  the  gas.  It  seenis  as 
if,  at  very  intense  temperatures,  chemical  combination  were  impossible,  and 
oxygen  and  hydrogen,  chlorine  and  the  metals,  could  coexist  in  a  separate 
form,  as  though  mechanically  mixed  with  each  other. 

The  nature  of  the  spectra  of  the  elementary  gases  is  very  materially  in- 
fluenced by  alterations  of  temperature  and  pressure.  Wiillner  made  a  series 
of  very  accurate  obser\'ations  on  the  gases  oxygen,  hydrogen,  and  nitrogen. 
He  not  only  used  gases  in  closed  tubes,  which  by  various  electrical' means 
he  raised  to  different  temperatures  ;  but  in  one  and  the  same  series  of  ex- 
periments, in  which  a  small  inductorium  was  used,  he  employed  pressures  vary- 
ing from  ICO  millimetres  to  a  fraction  of  a  millimetre  ;  while  in  another  series 
in  which  a  larger  apparatus  was  used,  he  extended  the  pressure  to  2,000 
millimetres.  At  the  low^t  pressure  of  less  than  one  millimetre,  the  spectrum 
of  hydrogen  was  found  to  be  green,  and  consisting  of  six  splendid  groups  of 
Qines,  which  at  a  higher  pressure  than  i  millimetre  changed  to  continuous 
<bands  ;■  at  2  to  3  millimetres  the  spectrum  consisted  of  the  often-mentioned 
three  lines,  which  did  not  disappear  under  a  higher  pressure,  but  gradually 
•became  less  brilliant  as  the  continuous  spectrum  increased  in  extent  and 
■lustre.  From  this  point  the  light,  and  therefore  the  spectrum,  became 
.feebler.  Using  the  larger  apparatus,  the  band  spectrum  appeared  only 
under  a  higher  pressure  :  at  the  highest  pressure  of  2,000  millimetres  it  gave 
place  to  the  continuous  spectrum,  since  the  bright  lines  continually  extended 
and  ultimately  merged  into  each  other. 

579«  BxplAnation  of  the  dark  lines  of  the  solar  speotmiii. — It  has 
been  already  seen  th.it  incandescent  sodium  vapour  gives  a  bright  yellow 
line  corresponding  to  the  dark  line  1)  of  the  solar  spectrum.  KirchhofT 
found  that,  when  the  brilliant  light  produced  by  incandescent  lime  passes 
through  a  flame  coloured  by  sodium  in  the  usual  manner,  a  spectrum  is  pro- 
duced in  which  is  a  dark  line  coinciding  with  the  dark  line  D  of  the  solar 
spectrum  ;  what  would  have  been  a  bright  yellow  line  becomes  a  dark  line 
when  formed  on  the  background  of  the  lime  light.  By  allowing  in  a  similar 
manner  the  lime  light  to  traverse  vapours  of  potassium,  barium,  strontium, 
&c.,  the  bright  lines  which  they  would  have  formed  were  found  to  be  con- 
verted into  dark  lines  :  such  spectra  are  called  absorption  spectra. 

It  appears,  then,  that  the  vapour  of  sodium  has  the  power  of  absorbing 
rays  of  the  same  refrangibility  as  that  which  it  emits.  And  the  same  is  true 
of  the  vapours  of  potassium,  barium,  strontium,  &c.  This  absorptive  power 
is  by  no  means  an  isolated  phenomenon.  These  substances  share  it,  for  ex- 
.imple,  with  the  vapour  of  nitrous  acid,  which  Brewster  found  to  possess  the 
following  property  : — when  a  tube  filled  with  this  vapour  is  placed  in  the  path 
of  the  light  either  of  the  sun  or  of  a  gas  flame,  and  the  light  is  subsequently 
decomposed  by  a  prism,  a  spectrum  is  produced  which  is  full  of  dark  lines 
(No.  9,  Plate  1.) ;  and  Miller  showed  that  iodine  and  bromine  vapour  pro- 
duced analogous  effects. 

Hence  the  origin  of  the  above  phenomenon  is,  doubtless,  the  absorption 
by  the  sodium  vapour  of  rays  of  the  same  kind — that  is,  having  the  same 
refrangibility — as  those  which  it  has  itself  the  power  of  emitting.  Other  rays 
it  allows  to  pass  unchanged,  but  these  it  either  totally  or  in  great  part  sup- 
presses.    Thus  the  particular  lines  in  the  spectrum  to  which  these  rays 
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would  converge  arc  illuminated  only  by  the  feebly  luminous  sodium  flamo^ifl 
and  accordingly  appear  dark  by  contrast  with- the  other  portions 
spcctniin  which  receive  hght  Irom  the  powerful  tlame  behind. 

By  replacing  one  of  the  flames  G  and  H  (lig.  493)  by  a  ray  of  solar  ligbt 
tellected  from  a  heliosiat,  KirchhofT  ascertained  by  direct  comparison  that 
the  bright  lines  which  characterise  iron  correspond  to  dark  lines  in  the  solar 
spectrum.  He  also  found  the  same  to  be  the  casewithsodium,  magnesium, 
culcium,  nickel,  and  some  other  metals. 

This  reversal  of  the  sodium  light  may  be  produced  even  without  a  prism' 
by  an  apparatus  devised  hy  Bunsen,  and  shown  in  fig.  494.  It  consists  of  %>, 
Wooilfs  bottle,  in  which  a  small  quantity  of 
line,  dilute  sulphuric  acid,  and  common  salt 
are  placed,  so  that  hydrogen  is  slowly  liberated, 
charged  with  particles  of  sodium  chloride. 
Through  the  india-rubber  tube  L,  ordinary  coal 
Kas  is  admitted,  and  issues  through  the  lubes 
R  and  R'.  On  each  of  these  tubes  \%  a  metal 
burner.  The  gas  bums  at  the  top  A  with  a 
broad  flat  dame,  C  ;  the  burner  B  is  cylindrical. 
«nd  over  il  is  placed  a  conical  mantle  closed 
u  the  (op  wilh  wire  game.  In  this  way  a 
small  yellow  flame  is  produced.  On  looking 
ihrough  this  against  the  wide  flame,  the  fomier 
appears  dark,  as  if  smoky  on  a  light  back- 
ground. The  light  of  the  posterior  and  far 
brighter  flame  is  absorbed  by  the  front  and 
cooler  one,  and  replaced  by  hghi  of  lesser 
intensity,  which  thus  appears  dark  by  contrast. 

From  such  observations  we  may  draw  im- 
portant conclusions  with  respect  to  the  con- 
Rilution  of  the  sun.  Since  the  solar  spectrum 
has  dark  lines  where  sodium,  iron,  &c.,  give 
bright  ones  (No.  11,  Plate  1.),  it  is  probable 
thai  around  the  solid,  or  more  probably  liquid, 
body  of  the  sun,  which  throws  out  Ihe  light, 
there  ckists  a  vaporous  envelope  which,  like 
the  sodium  flame  in  the  experiment  described 
above,  absorbs  certain   rays;  namely,  those  vic.  1^4. 

■iijch  the  envelope  itself  emits.     Hence  those 

pans  of  the  spectrum  which,  but  for  this  absorption,  would  have 
illuminated  by  these  particular  rays,  appear  feebly  luminous  in  comparison 
with  the  other  pans,  since  they  are  illuminated  only  by  the  light  emitted 
by  the  envelope,  and  not  by  the  solar  [nucleus  ;  and  we  are  at  the  samtf 
lirao  led  10  conclude  that  in  this  vapour  there  exist  the  metals  sodium, 
iron,  Ac. 

Huggins  and  M  iller  applied  spectrum  analysis  lo  the  investigation  of  the 
heavenly  bodies.  The  spectra  of  the  moon  and  planets,  whose  light  is  re- 
lected  from  the  sun,  give  the  same  lines  as  those  of  the  sun.  Uranus  proves 
ID  exception  to  this,  and  is  probably  still  in  a  self-luminous  condition. 
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spectra  of  the  fixed  stars  contain,  however,  dark  lines  differing  fix>m  the  solar 
lines,  and  from  one  another.  Four  distinct  types  of  spectra  were  disdnguished 
by  Secchi.  The  first  embraces  the  white  stars,  and  includes  the  well-known 
Sirius  and  a  Lyrae.  Their  spectra  (No.  12,  Plate  I.)  usually  contain  a  number 
of  very  fine  lines,  and  always  contain  four  broad  dark  lines  which  coincide 
with  the  bright  lines  of  hydrogen.  Out  of  346  stars  164  were  found  to  beloi^ 
to  this  group.  The  second  group  embraces  those  having  spectra  intersected 
by  numerous  fine  lines  like  those  of  our  sun.  About  140  stars,  among  them 
Pollux,  Capella,  ^  Aquilae,  belong  to  this  group.  The  third  group  embraces 
the  red  and  orange  stars,  such  as  a  Ononis,  ^  Pegasi ;  the  spectra  of  these 
(Nos.  13,  14,  Plate  I.)  are  divided  into  eight  or  ten  parallel  columnar  clusters 
of  dark  and  bright  bands  increasing  in  intensity  to  the  red.  Group  four  is 
made  up  of  small  red  stars  with  spectra,  and  is  constructed  of  three  bright 
zones  increasing  in  intensity  towajxls  the  violet.  It  would  thus  appear  that 
these  fixed  stars,  while  differing  from  one  another  in  the  matter  of  which 
they  are  composed,  are  constructed  on  the  same  general  plan  as  our  sun. 
Huggins  has  observed  a  striking  difference  in  the  spectra  of  the  nebulse ; 
where  they  can  at  all  be  observed,  they  are  found  to  consist  generally  of 
bright  lines,  like  the  spectra  of  the  ignited  gases,  instead  of,  like  the  spectra 
of  the  sun  and  stars,  consisting  of  a  bright  ground  intersected  by  dark  lines. 
It  is  hence  probable  that  the  nebulae  are  masses  of  glowing  gas,  and  do  not 
consist,  like  the  sun  and  stars,  of  a  photosphere  surrounded  by  a  gaseous 
atmosphere. 

We  can  apply  the  reasoning  of  Doppler^s  principle  (233)  to  the  case  of 
light,  and  assume  provisionally  that  the  motion  of  light  is  analogous  to  that 
of  sound.  When  a  source  of  light  is  approaching  the  earth,  the  eye  receives 
a  greater  number  of  waves  in  a  given  time,  the  waves  are  shorter ;  as  it 
moves  away  the  opposite  is  the  case,  the  waves  are  longer.  Hence,  on  the 
approach  of  yellow  light,  for  instance,  the  bright  band  L)  will  seem  displaced 
towards  the  violet  end  of  the  spectrum,  and  in  receding,  towards  the  red 
end.  This  will  also  be  the  case  with  the  corresponding  dark  line,  proving 
that  the  whole  medium  is  moved  at  the  same  time.  Accordingly,  by  obser\'- 
ing  the  displacement  of  particular  lines,  conclusions  may  be  drawn  as  to  the 
relative  motions  of  what  are  called  the  fixed  stars.  Thus  from  careful  ob- 
servation of  the  displacement  of  the  F  line  in  Sirius,  Huggins  has  inferred 
that  it  is  moving  away  from  the  earth  with  a  velocity  of  42  miles  per 
second. 

One  of  the  most  interesting  triumphs  of  spectrum  analysis  has  been  the 
discovery  of  the  true  nature  of  the  protuberances^  which  appear  during  a  solar 
eclipse  as  mountains  or  cloud-shaped  luminous  objects  var>'ing  in  size,  and 
surrounding  the  moon's  disc. 

During  the  eclipse  of  1868  it  had  been  ascertained  by  Jannsen  that  pro- 
tuberances emitted  certain  bright  lines  coinciding  with  those  of  hydrogen. 
They  have,  however  been  fully  understood  only  since  Lockyer  and  Jannsen 
have  discovered  a  method  of  investigating  them  at  any  time.  The  principle 
of  this  method  is  as  follows  : — When  a  line  of  light  admitted  through  a  slit 
is  decomposed  by  a  prism  he  length  of  the  spectrum  may  be  increased  by 
passing  it  through  two  or  more  prisms  ;  as  the  quantity  of  light  is  the  same, 
it  is  clear  that  the  intensity  of  the  spectrum  will  be  diminished.     This  is  the 
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case  with  the  ordinary  sources  of  light,  such  as .  the  sun ;  if  the  light  be- 
hoiiiogeneous,  it  will  be  merely  deviated,  and  not  reduced  in  intensity,  by 
dispersion.    And  if  the  source  of  light  emit  lights  of  both  kinds,  the  image- 
of  the  slit  of  light  of  a  definite  refrangibility,  which  the  mixture  may  contain,, 
will  stand  out  by  its  superior  intensity  on  the  weaker  ground  of  the  con- 
tinuous spectrum.    This  is  the  case  with  the  spectrum  of  the  protuberances. 
Viewed  through  an  ordinary  spectroscope,  the  light  they  emit  is  overshadowed 
by  that  of  the  sun ;  but  by  using  prisms  of  great  dispersive  power  the  sun's, 
light  becomes  weakened,  and  the  spectrum  of  the  protuberances  may  be 
obser\'ed.    Lockyer's  researches  leave  no  doubt  that  they  are  ignited  gas 
masses,  principally  of  hydrogen.    By  altering  the  position  of  the  slit  a  series 
nf  sections  of  the  prominences  are  obtained,  by  collating  which  the  form  of 
the  prominence  may  be  inferred.    They  are  thus  found  to  enclose  the  sua 
usually  to  a  depth  of  about  5,000  miles,  but  sometimes  in  enormous  local 
accumulations,  which  reach  the  height  of  70,000  miles.     Lockyer  has  not. 
merely  examined  these  phenomena  right  on  the  edge  of  the  sun ;  but  he  has 
been  able  to  observe  them  on  the  disc  itself.     He  has  shown  that  some  of 
these  protuberances  are  the  results  of  sudden  outbursts  or  storms,  which 
move  nith  the  enormous  velocity  of  120  miles  in  a  second ;  and  by  reasoning 
as  above  the  direction  of  this  motion  has  been  determined. 

For  a  fuller  account  of  this  branch  of  physics,  which  is  incompatible  with 
the  limits  of  this  work,  the  reader  is  referred  to  Roscoe's  *  Lectures  on  Spec- 
trum Analysis,'  and  to  the  same  writer's  articles,  and  those  of  Schuster,  in 
Watts's  *  Dictionary  of  Chemistry,' or  to  Schellen's  *  Spectrum  Analysis,'  trans- 
lated by  Lassell,  or  to  Lockyer  *  On  the  Spectroscope.' 

S^.  Vwmm  of  tlie  speotrosoope. — When  a  liquid  placed  in  a  glass  tube 
or  in  a  suitable  glass  cell  is  interposed  between  a  source  of  light  and  the 
^lit  of  the  spectroscope,  the  spectrum  observed  on  looking  through  the- 
telescope  will  in  many  cases  be  found  to  be  traversed  by  dark  bands.     No.. 
lOf  Plate  L,  represents  the  appearance  of  the  spectrum  when  a  solution 
of  chlorophyll  the  green  colouring  matter  of  plants,   is  thus   interposed. 
In  the  red,  the  yellow,  and  the  violet  parts,  dark  bands  are  formed,  and  the- 
hiue  gives  way  to  a  reddish  shimmer.     If,  instead  of  chlorophyl,  arterial 
Wood  greatly  diluted  be  used,  the  red  of  the  spectrum  appears  brighter,  but 
t^l^cn  and  violet  are  nearly  extinguished.    As  these  bands  thus  differ  in 
different  liquids  as  regards  position,  breadth,  and  intensity,  in  many  cases, 
^^cy  afford  the  most  suitable  means  of  identifying  bodies.     Sorby  and 
drowning  have  devised  a  combination  of  the  microscope  and  spectroscope,. 
^*ll«i  the  microspectroscope^  which  renders  it  possible  to  examine  even  very 
•ninute  traces  of  substances. 

This  application  of  the  spectroscope  has  been  very  useful  in  investigating 
substances  which  have  special  importance  in  physiology  and  pathology  ;. 
^lius  in  examining  normal  and  diseased  blood,  and  in  ascertaining  the  rate 
^  which  certain  substances  pass  into  the  various  fluids  of  the  system.  The 
•characteristic  absorption  bands  which  certain  liquids,  such  as  wine,  beer,  &c.,. 
P'"^nt  in  their  normal  state,  compared  with  those  yielded  by  adulterated 
substances,  furnish  a  delicate  and  certain  mean  of  detecting  the  latter. 

Thus  the  adulteration  of  claret  with  the  juice  of  elderberries  is  detected 
by  the  appearance  of  faint  bands  near  line  L),  which  are  not  seen  with  pure 
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red  wine.  The  colouring  matter  of  malt  and4K)ps  is  quite  distinct  from  that 
•of  prussic  acid  and  other  substances  with  which  it  is  alleged  to  be  adulterated. 
An  alkaline  solution  of  blood  to  which  ammonium  sulphide  is  added,  gives 
two  very  powerful  absorption  bands  between  D  and  £,  and  between  £  and 
^ ;  this  is  the  most  valuable  test  for  toxicological  case&  Blood  charged 
with  carbonic  oxide  is  unchanged  on  the  addition  of  ammonium  sulphide, 
^nd  thus  the  poisoning  by  carbonic  oxide  can  be  detected.  So,  too,  the 
appearance  of  the  characteristic  bands  of  gall  in  blood,  and  of  albumen  in 
urine,  are  indications  of  jaundice  and  of  Bright's  disease  respectively. 

581.  Abnormal  dlspenilon. — A  remarkable  exception  to  the  ordinary 
law  of  dispersion  was  discovered  by  Christiansen,  and  subsequently  confirmed 
-and  extended  by  Soret  and  Kundt,  that  the  solutions  of  certain  substances, 
such  as  indigo  and  permanganate  of  potassium,  give  spectra  in  which  the 
order  of  the  colours  is  not  the  same  as  in  the  prismatic  spectrum.  Thus  when 
a  hollow  glass  prism  is  filled  with  an  alcoholic  solution  of  fuchsine,  the  order 
of  the  colours  in  the  spectrum  which  it  yields  is  as  follows.  Violet  is  least 
refracted,  then  red,  and  then  yellow,  which  is  most  refracted.  If  we  imagine 
that  the  central  green  of  an  ordinary  spectrum  is  removed,  and  then  the 
position  of  the  rest  is  interchanged,  we  get  an  idea  of  the  abnormal  spectrum 
of  fuchsine.  Kundt  examined  a  great  number  of  substances  in  this  direc- 
tion, mostly  the  colours  derived  from  aniline,  and  found  that  the  abnormal 
dispersion  is  exhibited  by  all  substances  with  surface  colour.  These  bodies 
have  the  peculiarity  that  when  viewed  in  diffused  light  they  exhibit  a 
different  colour  from  that  which  they  transmit.  Thus  a  thin  flake  of  fuchsine 
appears  green  in  diffused,  but  red  in  transmitted  light. 

The  substances  in  solution  are  examined  by  placing  them  in  hollow  glass 
prisms  ;  if  the  solutions  are  weak,  the  abnormal  dispersion  of  the  substance 
is  concealed  by  that  of  the  solvent,  while  stronger  solutions  absorb  so  much 
light  as  to  be  almost  opaque,  and  prisms  of  very  small  refracting  angle  have 
to  be  used.  Soret  gets  rid  of  this  difficulty  by  immersing  the  prism  contain- 
ing the  solution  in  glass  vessels  with  parallel  sides  filled  with  the  solvent 
The  dispersion  due  to  the  solvent  is  thereby  eliminated,  and  only  that  of  the 
substance  comes  into  play.  Cyanine  gives  a  well-marked  abnormal  spec- 
trum, the  order  of  the  colours  being  the  following :  green,  light  blue,  dark 
blue,  a  dark  space,  red,  and  traces  of  orange,  the  green  being  the  colour  which 
is  least  diffused. 

The  same  explanation  cannot  be  given  of  this  as  of  the  ordinary  colour 
of  bodies  (569),  but  must  be  ascribed  to  the  fact  that  the  bodies  in  question 
totally  reflect  light  of  certain  wave-lengths  (637)  at  almost  all  incidences, 
and  that  these  colours  are  reflected  on  the  surface.  Hence  it  follows  that 
the  colour  of  these  bodies  in  diffused  light  must  be  almost  complementary 
to  the  transmitted  light — a  prevision  which  experiment  confirms. 

582.  rinorescenoe. — Stokes  made  the  remarkable  discovery  that  under 
certain  circumstances  the  rays  of  light  are  capable  of  undergoing  a  change 
of  refrangibility.  The  discovery  originated  in  the  study  of  a  phenomenon 
observed  by  Sir  J.  Herschel,  that  certain  solutions  when  looked  at  by  trans- 
mitted light  appear  colourless,  but  when  viewed  in  reflected  light  present  a 
bluish  appearance.     Stokes  has  found  that  this  property,  which  he  calls 

JluorescencCy  is  characteristic  of  a  large  class  of  bodies. 
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The  phenomenon  is  best  seen  when  a  solution  of  sulphate  of  quinine, 
contain^  in  a  trough  with  parallel  sides,  is  placed  in  different  positions  in 
the  solar  spectrum.  No  chanf^e  is  obser\'ed  in  the  upper  part  of  the  spec- 
trum, but  ft-om  about  the  middle  of  the  lines  G  and  H  (coloured  Plate)  to 
some  distance  beyond  the  extreme  range  of  the  violet,  rays  of  a  beautiful 
sky-blue  colour  are  seen  to  proceed.  These  invisible  ultra-violet  rays  also 
become  \isible  when  the  spectrum  is  allowed  I9  fall  on  paper  impregnated 
mith  a  solution  of  ascuUne  (a  substance  extracted  from  horse-chestnut),  an 
alcoholic  solution  of  stramonium,  or  a  plate  of  canary  glass  (which  is  coloured 
by  means  of  uranium).  This  change  arises  from  a  diminution  in  the  re- 
frangibility  of  those  rays  outside  the  violet,  which  are  ordinarily  too  refran- 
gible to  a^ect  the  eye. 

Glass  appears  to  absorb  many  of  these  more  refrangible  rays,  which  is 
not  the  case  nearly  to  the  same  extent  with  quartz.  When  a  prism  and 
trough  formed  of  plates  of  quartz  are  used,  and  the  spectrum  is  received 
on  a  sheet  of  paper  on  which  a  wash  of  solution  of  sulphate  of  quinine  has 
been  made,  two  juxtaposed  spectra  can  be  obtained.  That  which  is  on  the 
part  coated  with  sulphate  of  quinine  extends  beyond  the  line  H  to  an  extent 
equal  to  that  of  the  visible  spectrum.  In  the  spectrum,  thus  made  visible, 
dark  lines  may  be  seen  like  those  in  the  ordinary  spectrum. 

The  phenomena  may  be  observed  without  the  use  of  a  prism.  When  an 
aperture  in  a  dark  room  is  closed  by  means  of  a  piece  of  blue  glass,  and  the 
light  is  allowed  to  fall  upon  a  piece  of  canary  glass,  it  instantly  appears  self- 
luminous  from  the  emission  of  the:  altered  rays.  If  a  test-tube  be  half  filled 
with  a  solution  of  sulphate  of  quinine,  and  on  it  be  poured  an  ethereal  solu- 
tion of  chlorophyl,  the  respective  layers  appear  colourless,  and  green  in 
transmitted,  and  sky-blue  and  blood-red  in  reflected  light. 

In  most  cases  it  is  the  violet  and  ultra-violet  rays  which  undergo  an 
alteration  of  refrangibility,  but  the  phenomenon  is  not  confined  to  them.  A 
decoction  of  madder  in  alum  gives  yellow  and  violet  light  from  about  the 
line  D  to  beyond  the  violet ;  an  alcoholic  solution  of  chlorophyl  gives  red 
light  from  the  line  B  to  the  limit  of  the  spectrum.  In  these  cases  the  yellow, 
the  green,  and  the  blue  rays  experience  diminution  of  refrangibility ;  the 
change  produces  more  highly  refrangible  rays.  An  exception  to  this  rule 
is  met  with  in  the  case  of  Magdala  red.  If  on  a  solution  of  this  substance 
contained  in  a  rectangular  glass  vessel  a  solar  spectrum  be  allowed  to  fall, 
an  orange-yellow  fluorescence  is  found  even  in  the  red  part  of  the  spectrum. 

The  electric  light  gives  a  very  remarkable  spectrum.  W^ith  quartz  ap- 
paratus Stokes  obtained  a  spectrum  six  or  eight  times  as  long  as  the  ordinary 
one.  Several  flames  of  no  great  illuminating  power  emit  very  peculiar 
light.  Characters  traced  on  paper  with  solution  of  stramonium,  which  are 
almost  invisible  in  daylight,  appear  instantaneously  when  illuminated  by  the 
flame  of  burning  sulphur  or  of  bisulphide  of  carbon.  Robinson  has  found 
that  the  light  of  the  aurora  is  peculiarly  rich  in  rays  of  high  refrangibility. 

583.  Oliromatle  aberratloii. — The  various  lenses  hitherto  described 
<55i;  possess  the  inconvenience  that,  when  at  a  certain  distance  from  the 
eye,  they  give  images  with  coloured  edges.  This  defect,  which  is  most 
observable  in  condensing  lenses,  is  due  to  the  unequal  refrangibility  of  the 
simple  colours  (564),  and  is  called  chromatic  aberration. 
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For,  since  a  lens  may  be  compared  to  a  series  of  prisms  with  infinitely 
small  faces,  and  united  at  their  bases,  it  not  only  refracts  li^t,  but  alao  de- 
composes it  like  a  prism.    On 
Dunt  of  this  dispersion,  tbere- 
I  fore,  lenses  have  really  a  dts- 
I  tinct  focus  for  each  colour.    Ib 
I  condensing  lenses,  for  example, 
j  the  red  rays,  which  are  the  least 
i  refrangible,  form  their  focus  at 
I  point  R  on  the  axis  of  the 
Pig.  ^^  lens  {fig:  495) ;  while  the  violet 

rays,  which  are  most  refnngiblCf 
coincide  in  the  nearer  point  V.  T^e  foci  of  the  orange,  yellow,  green,  blue, 
and  indigo  are  between  these  points.  The  chromatic  aberration  is  more- 
perceptible  in  proportion  as  the  lenses  are  more  convex,  and  as  the  point 
at  which  the  rays  Are  incident  is  farther  from  the  axis ;  for  then  the  de- 
viation, and  therefore  the  dispersion,  are  increased. 

If  a  pencil  of  rays  which  has  passed  through  a  condensing  lens  be 
received  on  a  screen  placed  at  mm  within  the  focal  distance,  a  bright  spot  is 
seen  with  a  red  border ;  if  it  is  placed  at  ss,  the  bright  spot  has  a  violet 
border. 

The  inequality  in  the  refraction  of  the  blue  and  red  rays  may  be  demon- 
strated by  closing  a  small  aperture,  half  with  red  and  haJf  with  blue  glass 
(fig.  496) ;  on  each  half  a  black  arrow  is  painted,  and  a.  lamp  is  placed 
behind  it.  By  means  of  a  lens  of  60  cm.  focus  an  image  is  fonned  on  a 
e  of  about  z  metres.  If  the  screen  be 
placed  so  that  a  sharp  image  is  obtained  of  the  black  object 
n  ihe  blue  ground,  the  outlines  of  the  other  are  confiised. 
o  gel  a  sharp  image  of  the  arrow  on  the  red  ground 
le  screen  must  be  moved  farther  away. 

;84.  A.aIir«i>k)iUai>t,  —  By   combining    prisms   which 
have  different  refracting  angles  (544),  and  are  formed  of 
FiR.  *9fi.  substances  of  unequal  dispersive  powers  (564),  white  light 

may  be  refracted  without  being  dispersed.  The  same  result  is  obtained 
by  combining  lenses  of  different  substances,  the  curvatures  of  which  are 
suitably  combined.  The  images  of  objects  viewed  through  such  lenses  do 
not  appear  coloured,  and  they  are  accordingly  called  achromatic  lenses  ; 
aekromalisin  being  the  term  applied  to  the  phenomenon  of  the  refraction 
of  light  without  decomposition. 

By  observing  the  phenomenon  of  the  dispersion  of  colours  in  prisms  of 
water,  of  oil  of  turpentine,  and  of  crown  glass,  Newton  was  led  to  suppose 
that  dispersion  was  proportional  to  refraction.  He  concluded  that  there 
could  be  no  refraction  without  dispersion,  and,  therefore,  that  achromatism 
was  impossible.  Almost  half  a  century  elapsed  before  this  was  found  to  be 
incorrect.  Hall,  an  English  philosopher,  in  1733>  was  the  first  to  construct 
achromatic  lenses,  bat  he  did  not  publish  his  discovery.  It  is  to  Doilond, 
an  optician  in  London,  that  we  owe  the  greatest  improvement  which  has 
been  made  in  optical  instruments.  He  showed  in  1757  that  by  combininj! 
two  lenses— one  a  double  convex  crown  glass  lens,  the  other  a  concavo- 
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i  (fig.  498)— a  lens 


lonvex  lens  of  flint  g 
adirotnatic. 

To  explain  this  result,  let  two  prisms,  BFC  and  CDF,  be  joined  s 
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a  contrary  direction,  as  shown 
firit  case,  that  both  prisms  are  of  the  same 
inaierial,  but  thai  the  refracting  angle  of  the 
second,  CDF,  is  less  than  the  refracting  angle 
of  the  first ;  the  two  prisms  will  produce  ilu- 
>ame  effect  as  a  single  prism,  BAF  ;  that  is  \- 
^y,  thai  white  light  which  traverses  it  will  ni>i 
only  be  refracted,  but  also  decomposed.  If,  on 
the  contrary,  the  first  prism  BCF  were  of 
crown  glass,  and  the  other  CFU  of  flint  glass,  i,^  ,,,,. 

the    dispersion    might    be   destroyed   without 

destroying  the  refraction.  For  as  flint  glass  is  more  dispeiiive  than  (.rowii, 
and  as  the  dispersion  produced  by  a  prism  diminishes  with  lis  refracting 
angle  (564),  it  follows  that  by  suitably  lessening  the  refracting  angle  of 
ihe  flint  glass  prism  CFD,  as  compared  with  the  refracting  angle  of  the 
crown  glass  prism  BCF,  the  dispersive  power  of  these  prisms  may  be 
cijuatisiKl ;  and  as,  from  iheir  position,  the  dispersion  takes  place  in  a 
tontrary  direction,  it  is  neutralised  ;  that  if,  the  emergent  rays  EO  are 
parallel,  and  therefore  give  white  light.  Nevertheless,  the  ratio  of  the  angles. 
IICF  and  CFD,  which  is  suitable  for  the  parallelism  of  the  red  rays  and 
violet  rays,  is  not  so  for  the  intermediate  rays,  and,  consequently,  only  two 
of  the  rays  of  the  spectrum  can  be  exactly  combined,  and  the  achromatism 
IS  not  quite  perfect.  To  obtain  perfect  achromatism,  several  prisms  would 
be  necessary,  of  unequally  dispersive  materials,  and  the  angles  of  which  were 
suitably  combined. 

The  refiraciion  is  not  destroyed  at  the  same  time  as  the  dispersion  ;  that 
could  only  happen  if  the  refracting  power  of  a  body  varied  in  the 
4S  its  dispersive  power,  which  is  not  the  case.     Consequently, 
the  emei^ent  ray  EO  is  not  exactly  parallel  to  the  incident  ray, 
iind  there  is  a  refraction  without  appreciable  decomposition, 

Achronxatic  lenses  are  made  of  two  lenses  of  unequal  dis- 
persive materials  :  one,  A,  of  flint  glass,  is  a  diverging  concavo- 
"Mivex  (6g.  498) ;  the  other,  B,  of  crown  glass,  is  double  convex, 
ud  one  of  its  faces  may  exactly  coincide  with  the  concave  face 
of  the  first.  As  with  prisms,  several  lenses  would  be  necessary 
to  obtain  perfect  achromatism  ;  but  for  optical  instruments  two 
»ie  sufficient,  their  curvatures  being  such  as  to  combine  not  the 
extreme  red  and  violet,  but  the  blue  and  orange  rays,  while  at  the 
regard  is  h.id  to  the  correction  for  spheric.il  aberration 


I 


I 


L 


A 


On  Light. 


[flU- 


CHAPTER  V. 

OITICAL  INSTRUMENTS. 

585.  Tba  aiff«r*nt  klnilB  of  ovUoal  tBatmmenta.— By  the  iKVOtoplicd 
iiutnrmcnt  is  meant  any  combination  of  lenses,  or  of  lenses  aiid  mimm 
Optical  instniments  may  be  divided  into  three  classes,  according  to  the 
<nds  they  are  intended  to  answer,  vii. : — i.  J//Vro*cc^j,  which  are  desigwd 
to  obtain  a  magnified  image  of  any  object  whose  real  dimensions  aie  too 
small  to  admit  of  its  being  seen  distinctly  by  the  naked  eye.     ii.  TehscopiS', 
by  which  very   distant  objects,  whether  celestial  or  terrestrial,  may  b* 
obsened.    iii.  Instrumenti  designed  to  project  on  a  screen  a  magnified  or 
diminished  image  of  any  object  which  can  thereby  be  either  depicted  o*" 
rendered   visible   to   a  crowd   of  spectators ;   such  as   the  camera  luddifr 
<he  camera  obsciira,  photographic  apparatus,  the  magic  lantern,  the  solaf 
microscope,  the  photo-electric  inicroscopt,  &c.     The  two  former  classes  yieliJ 
virtual  images  ;  the  last,  with  the  exception  of  the  caiiura  lucida,  yield  real 
images. 

MICROSCOPES. 

586.  The  •lmpl«  mloroaoope.— The  simple  microscope,  or  magnifying 
glass,  is  merely  a  convex  lens  of  short  focal  length,  by  means  of  which  we 
look  at  objects  placed  between  the  lens  and  its  principal  focus.  Lei  AB 
(fig.  499)  be  the  object  to    be  obser\'ed,  placed    belneen  the    lens  and  its 

principal    focus,     F. 

]  Draw  the  secondary 
^;xesAOandBO,and 
also  from  A  and  B 
1  ays  parallel  to  the 
axis  of  the  lens  FO. 
Now  these  rays,  on 
parsing  out  of  the 
lens,  tend  to  pass 
through  the  second 
principal  focus  F'; 
consequently  they  are 
divergent  with  refer- 
ence to  the  second- 
produced,  will  cut  those  axes  in  A'  and  B' 
e  the  virtual  foci  of  A  and  B  respectively- 
A'B'  an  erect  and  magnified  virtual  image  of 


ary  axes,  and  therefore,  whe 
respeclively.  These  points 
The  lens,  therefore,  produces 
the  object  AB. 

The  position  and  magnitude  of  thi 


image  depend  on  the  distance  of  the 
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object  from  ihe  focus.  Thus,  if  AB  is  moved  lo  a*,  nearer  the  lens,  [he 
secondary  axis  will  contain  a  greater  angle,  and  the  image  will  be  fonned  at 
■a'b',  aod  will  be  much  sirciller,  and  nearer  the  eye.  On  the  other  hand,  if 
ihe  objea  is  moved  fanher  from  the  lens,  the  angle  between  the  secondary 
.axes  is  diminished,  and  their  intersection  with  ihe  prolongation  of  the  re- 
Iraaed  rays  taking  place  beyond  .\'li',  the  image  is  formed  farther  from  the 
lens,  and  is  larger. 

In  a  simple  microscope  both  chromatic  aberration  and  spherical  abeira- 
tion  increase  witii  the  degree  of  magnification.  We  have  already  seen  that 
4be  former  can  be  corrected 
by  using  achromatic  lenses 
<  JS4),  and  the  latter  by  using 
!>iDps,  which  allow  the  pas- 
sage of  such  rays  only  as 
■aie  nearly  parallel  to  the 
-atii,  the  spherical  aberration  '*' ''"" 

-rf  these  rays  being  nearly  inappreciable.     Spherical  aberration  may  be  still 

funher  corrected  by  using  t«o  plano-convex  lenses,  instead  of  one  very 
■convergcni  lens.    When  this  is  done,  the  plane  face  of  each  lens  is  turned 

towards  the  object  (fig.  joo).     Although  each  lens  is  less  convex  than  Ihe 

simple  lens  which  together  they  replace,  yet  their  joint  magnifying  power  is 

■AS  great,  and  with  a  less  amount  of  spherical  aberration,  since  Ihe  ^rst  lens 

■dil-ens  towards  the  axis  the  rays  which 

fall  on  the  second  lens.  This  combination 

«f  lenses  is  known  as  0  'olUtstoits  doublet. 
There  are  many  forms  of  the  simple 

tnicrtBCope.     One  of  the  best  is  that  re- 

prtKDtcd  in   fig.   501.     On   a   horizontal 

mppon  E,  which    can    be  raised    and 

'™titd  by  a  rack  K  and  pinion  D,  there 

11  a  black  eyepiece,  in,   in  the  centre  of 

■hirh  is  6lted  a  small  convex  lens.    Below 
,      thti  is  the  ilage  b,  which  is  fixed,  and  on 

"hich  the  object  is  placed  between  glass 

J>Ules.    la  order  to  illuminate  the  object 

IWwcrfully,  dilTuscd  light  is  reflected  from 

a  Concave  glass  mirror,  M,  so  that  the 

nflerted  rays  fall  upon  the  object.     In 

Oiiog  this  microscope  the  eye  is  placed 

vtty  near  the  lens,  which  is  lowered  or  *"  '"' 

raised  until  the  position  is  found  at  which  the  object  appears 
diiiinctness. 

587.  fJosOltloB*  «r  dlBUnotneia  of  ttaD  lm>(ea. —  In  order  thai  objects 
looked  at  through  a  microscope  should  be  seen  with  distinctness,  they  must 
have  a  strong  light  thrown  upion  them,  but  this  is  by  no  means  enough.  It 
it  necessary  that  the  image  be  formed  at  a  determinate  distance  from  the 
I  ■e>e.  In  fact,  there  is  for  each  person  a  distance  of  most  disiincl  vision— a 
distance,  that  is  to  say,  at  w  hich  an  object  must  be  placed  from  an  observei's 
«ire  in  order  to  be  seen  with  greatest  distinctness.    This  distance  is  difierent 

1.  
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for  different  observers,  but  ordinarily  is  between  lo  and  12  inches.  It  v^ 
therefore,  at  this  distance  from  the  eye  that  the  image  ought  to  be  formed. 
Moreover,  this  is  why  each  observer  has  to  focus  the  instrument ;  that  is,  to- 
adapt  the  microscope  to  his  own  distance  of  most  distinct  vision.  This  is 
efiected  by  slightly  varying  the  distance  from  the  lens  to  the  object,  for  we 
have  seen  above  that  a  slight  displacement  of  the  object  causes  a  great  di^ 
placement  of  the  image.  With  a  common  magnifying  glass,  such  as  is  held 
in  the  hand,  the  adjustment  is  effected  by  merely  moving  it  nearer  to  or 
farther  from  the  object.  In  the  microscope  the  adjustment  is  effected  b>' 
means  of  a  rack  and  pinion,  which  in  the  case  of  the  instrument  shown  in 
^g.  501  moves  the  instrument,  but  moves  the  object  in  the  case  of  the 
instrument  depicted  in  fig.  505.  What  has  been  said  about  y!?a/xffVf^  the 
microscope  applies  equally  to  telescopes.  In  the  latter  instrument  the  eye- 
piece is  generally  adjusted  with  respect  to  the  image  formed  in  the  focus  of 
the  object-glass. 

In  respect  of  the  distinctness  of  the  image  the  general  rules  for  convex 
lenses  apply. 

In  order  to  lessen  the  dispersion  lenses  have  been  constructed  of  diamond "^ 
of  ruby,  and  of  other  precious  stones,  which  for  a  small  amount  of  dispersion 
have  a  great  degree  of  refrangibility.  Drops  of  water  or  of  Canada  balsa^*^ 
in  minute  apertures,  in  a  thin  piece  of  wood  or  of  metal,  act  as  microscope^ ' 

588.  Apparent  maffnltnde  of  an  objeot. — The  apparent  magnitude  C^ 
apparent  diameter  of  a  body  is  the  angle  it  subtends  at  the  eye  of  tli  ^ 


tig-  5^:^ 

observer.  Thus,  if  AB  is  the  object,  and  O  the  obser\'er's  eye  (figs,  502, 503).. 
the  apparent  magnitude  of  the  object  is  the  angle  AOB  contained  by  *wo 
visual  rays  drawn  from  the  centre  of  the  pupil  to  the  extremities  ot  the 
object. 

In  the  case  of  objects  seen  through  optical  instruments,  the  angles 
which  they  subtend  are  so  small  that  the  arcs  which  measure  the  angles  do 
not  differ  sensibly  from  their  tangents.  The  ratio  of  two  such  angles  is- 
therefore  the  same  as  that  of  their  tangents.  Hence  we  deduce  the  two 
following  principles  ; — 


,  Wieit  the  saau  object  it  seen  at  unequal  dhtanees^the  apparent  diameter 
I  -v-triis  inversely  as  tie  distance  from  the  observer's  eye. 

ii.  In  the  aise  of  two  objects  seen  at  the  saute  distance,  the  ratio  oj  the 
■ispparfiit  diameters  is  the  same  as  that  of  their  absolute  magnitudes. 

Tbese  principles  may  be  proved  as  follows  :— i.  In  fig.  y>2,  let  AB  be  the 
object  in  its  first  position,  and  ai  the  same  object  in  its  second  position. 
For  the  sake  of  distinctness  these  are  represented  in  such  positions  that  the 
line  OC  passes  at  right  angles  through  their  middle  points  C  and  c  respec- 
•ivel)'.  it  is,  however,  sufficient  that  ai  and  AB  should  be  the  bases  of 
iMsceles  triangles  having  a  common  vertex  at  O.  Now,  by  what  has  been 
said  above,  AB  is  virtually  an  arc  of  a  circle  described  with  centre  O  and 
ndias  OC  ;  likewise  ab  is  virtually  an  arc  of  a  circle  whose  centre  is  O  and 
radius  Oc.     Therefore, 

,,-,,,       „ ,    AB     ab      I        I 
■^'^'*^"«*  =  oc^oru-c^T.' 
"Therefore,  AOB  varies  inversely  as  OC. 

ii.  Let  AD  and  A'B'  be  two  objects  placed  at  the  same  perpendicular 
■•iistuice,  OC,  from  the  eye,  O,  of  the  observer  (fig.  503).    Then  they  are 
viRtully  arcs  of  a  circle  whose^centre  is  O  and  radius  OC.    Therefore, 
AB  .  A'B' 


AOB  :  A'OB'-': 


'^-^ABrA-B, 


OC  ■  OC 
a  proportion  which  expresses  the  second  principle. 

}89.  MBBSnre  of  iD>c*)lflMitlon. — In  the  simple  microscope  the  mea- 
swe  of  the  magnificat  I  on  prodnced  is  the  ratio  of  the  apparent  dia 
'lit  image  to  thai  of 
'nc  object,  both  being 
*lhe  distance  of  most 
Jisijoct  vision.  The 
^mt  rule  holds  good 
'm  other  microscopes, 
h  is,  however,  inipot- 
"ni  10  obtain  an  e\- 
P|tMion  for  the  mag- 
iiSctiion  depending 
"^  data  that  are  of 
«iier  determination. 

In  fig.  504  let  .^B  be 
'h*  object,  and  A'B'  its 
'Mge    fonned    at    the 
diituice  of  mc 
A'B'.    Then,  5 
A'OB'    ,  A'B' 


aOb"' 


a-b- 


:  that 


are  similar,  A'B' :  A 

vision,  and  CO  is  very  nearly  equal  t( 

TTiereforc,  the  magnification  equals  the 

visirni  10  the  focal  length  of  the  lens.     Hence  we  conclude  ihai  the  magni 

fii-atinn  is  gre.iier,  1st,  as  the  focal  length  of  the  lens  is  smaller—in  other. 


DO  is  the  distance  of  n 

FO,  the  focal   lenKlh  of  the  lens. 

ilio  of  the  distance  of  n- 


i 
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words,  as  the  lens  is  more  convergent ;  indly,  as  the  observer's  distance  of 
most  distinct  vision  is  greater. 

A  simpler  and  more  general  definition  of  the  measure  of  magniBcation 
may  be  stated  thus  : — Let  a  be  the  angular  m^nitude  of  the  object  as  seen 
by  the  naked  eye,  B  the  angular  magnitude  of  the  image,  whether  real  or 
virtual,  actually  present  to  the  eye,  then  the  magnification  is  fi-i-a.  This 
nile  applies  to  telescopes. 

By  changing  the  lens  the  magnification  can  be  increased,  but  only 
within  certain  limits  if  we  wish  to  obtain  a  distinct  image.  By  means  of 
a  simple  microscope  distinct  magnification  may  be  obtained  up  to  tso 
diameters. 

The  magnittcation  we  have  here  considered  is  linear  magnification. 
Superficial  magnification  equals  the  square  of  the  linear  magnification  ;  for 
instance,  the  former  will  be  i,6oo  when  the  latter  is  40. 

j;90.  Vrloolple  or  ttie  oomponnCI  nUtirosoape. — The  compound  micrO' 
scope  in  its  simplest  form  consists  of  two  condensing  lenses  :  one,  with  a 
short  focus,  is  called  \^k  object  glass,  or  oA/ff/tw,  because  it  is  turned  towards 
the  object ;  the  other  is  less  condensing,  and  is  called  the  eyepiece,  ox  power, 
because  it  is  close  to  the  observer's  eye. 

Fig.  505  represents  the  path  of  the  luminous  rays  and  the  formation  of 
the  image  in  the  simplest  form  of  a  compound  microscope.     An  object  AB 
,   being     placed     very 
ir     the     principal 
focus  of  the  object- 
'  ss  M,  but  a  little 
I   farther  from  the  glass, 
a  real  image  ab,  in- 
verted and  somewhat 
Fig  50!  magnified,  is  formed 

on  the  other  side  of 
the  object-glass  (556).  Now  the  distance  of  the  two  lenses  M  and  N  is 
such  (hat  the  position  of  the  image  ab  is  between  the  eyepiece  N  and  its 
focus  F.  From  this  it  follows  that  for  the  eye  at  E,  looking  at  the  image 
through  the  eyepiece,  this  glass  produces  the  same  effect  as  a  simple  micro- 
scope, and  instead  of  this  image  ab,  another  image,  a'b',  is  seen,  which  is 
virtual,  and  still  more  magnified.  This  second  ima^e,  although  erect  as 
regards  the  first,  is  inverted  in  reference  to  the  object.  It  may  thus  be 
said  thai  the  compound  microscope  is  in  effect  a  simple  microscope  ap- 
plied not  to  the  object,  but  lo  its  image  already  magnified   by  the  first 

591.  Comvonnd  mloroaoitpe. — The  principle  of  the  compound  micro- 
scope has  been  already  (590)  explained;  the  principal  accessories'to- the 
instrument  remain  to  be  described. 

Fig.  506  represents  a  perspeciiie  view,  and  fig.  507  a  section  of  a  com- 
pound microscope.  The  body  of  the  microscope  consists  of  a  series  of  brass 
tubes,  UD',  H,and  I  ;  in  the  former  of  these  is  lilted  Ihe  eyepiece  0,and'in 
the  lower  part  of  the  latter  the  object-glass  o.  The  tube  I  moves  with  gentle 
friction  in  the  tube  OD',  which  in  turn. can  also  be  moved  in  a  larger  tube 
fixed  in  the  ring  E.     This  latter  is  fixed  to  a  piece  HlC,  which  by  means  cf 


Compound  Microscope. 

»  very  fine  screw,  worked  by  the  milled  head  T,  can  be  nioied  up  and  down 
jui  inner  rod,  c.  not  represented  in  the  figure.  The  whole  body  of  the  niicro- 
KOpe  b  ra.i$ed  and  lowered  with  the  piece  Bli',  so  thai  it  can  be  placed 
new  or  far  from  the  object  to  be  examined.  Moreover,  the  rod  i-,  and  all 
ibe  other  pieces  of  the  apparatus,  rest  on  a  horizontal  axis  A,  with  which 
tbcy  turn  under  so  much  friction  as  to  remain  6xed  in  any  p»osition  in  which 
they  may  be  placed. 

The  objects  to  be  obsen-ed  are  placed  between  two  glass  plates,  V,  on 
iilagr.  R.     This  is  perforated  in  the  centre,  so  that   light  can  be  reflected 


"jx*  il  by  a  concave  retlecting  glass  mirror,  M.     The  ntirror  is  ii 

^ii  vriculated  support,  so  that  it  can  be  placed  in  any  position  whatever, 

"■  *>  lo  reflect  to  the  object  either  the  diffused  light  of  the  atmosphere^ 

<"(hat  fnim  a  candle  or  lamp.     Between  the  reflector  and  the  stage  is  a 

Hapkragot  or  slop,  K,  perforated  by  four  holes  of  different  size 

"f  •hich  can  be  placed  over  the  perforation  in  the  stage,  and  thus  the  light 

falling  on  the  object  may  be  regulated  ;  the  light  can,  morco\er,  be  regulated^ 

'"1  riiiung,  by  a  lever  n,  the  diaphragm  K,  which  is  movable  in  a  sU^ 
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Above  the  diaphragm  is  a  piece, ;//,  to  which  can  be  attached  either  a  very 
small  stop,  so  that  only  very  little  light  can  reach  the  object,  or  a  condcDsing 
lens,  which  illuminates  it  strongly,  or  an  oblique  prism,  represented  at  X. 
The  rays  from  the  reflector  undergo  two  total  reflections  in  this  prism,  and 
emerge  by  a  lenticular  face  that  concentrates  them  on  the  object,  but  in  an 
oblique  direction,  which  in  some  microscopic  observations  b  an  advantage. 
Objects  are  generally  so  transparent  that  they  can  be  lighted  from  below ; 
but  where,  owing  to  their  opacity,  this  is  not  possible,  they  are  lighted  from 
above  by  means  of  a  condensing  lens  mounted  on  a  joint^  support,  and  so 
placed  that  they  receive  the  diffused  light  of  the  atmosphere. 

Fig.  506  shows  the  arrangement  of  the  lenses  and  the  path  of  the  rays 
in  the  microscope.  At  0  is  the  object-glass,  consisting  of  three  small  con- 
densing lenses,  represented  on  a  larger  scale  at  L,  on  the  right  of  the  figure. 
The  effect  of  these  lenses  being  added  to  each  other  is  that  they  act  like  a  single 
very  powerful  condensing  lens.  The  object  being  placed  at  j,  a  very  little 
beyond  the  principal  focus  of  the  system,  the  emerging  rays  fall  upon  a 
fourth  condensing  lens,  »,  the  use  of  which  will  be  seen  presently  (592,  593]. 
Having  become  more  convergent,  owing  to  their  passage  through  the  lens 
^/,  the  rays  form  at  aa'  a  real  and  amplified  image  of  the  object  /.  This 
image  is  between  a  fifth  condensing  lens,  O,  and  the  principal  focus  of  this 
lens.  Hence,  on  looking  through  this,  it  acts  as  a  magnifier  (556),  and  gives 
at  AA'  a  virtual  and  highly  magnified  image  of  €ui\  and  therefore  of  the 
object.  The  two  glasses  n  and  O  constitute  the  eyepiece,  in  the  same  man- 
ner as  the  three  glasses  0  constitute  the  object-glass. 

The  first  image,  aa',  must  not  merely  be  formed  between  the  glass  O 
and  its  principal  focus,  but  at  such  a  distance  from  this  glass  that  the  second 
image,  AA',  is  formed  at  the  observer's  distance  of  distinct  vision.  This 
result  is  obtained  in  moving,  by  the  hand,  the  body  DH  of  the  microscope 
in  the  larger  tube  fixed  to  the  ring  E,  until  a  tolerably  distinct  image  is 
obtained  ;  then  turning  the  milled  head  T  in  one  direction  or  the  other, 
the  piece  BB',  and  with  it  the  whole  microscope,  are  moved  until  the  image 
AA'  attains  its  greatest  distinctness,  which  is  the  case  when  the  image  ac^ 
is  formed  at  the  distance  of  distinct  vision :  a  distance  which  can  always  be 
ultimately  obtained,  for  as  the  object-glass  approaches  or  recedes  from  the 
object,  the  image  aa^  recedes  from  or  approaches  the  eyepiece,  and  at  the 
same  time  the  image  AA'. 

This  operation  is  called  \h^  focussing.  In  the  microscope,  where  the 
distance  from  the  object-glass  to  the  eyepiece  is  constant,  it  is  effected  by 
altering  their  distance  from  the  object.  In  telescopes,  where  the  objects 
are  inaccessible,  the  object  is  effected  by  varying  the  distance  of  the  eye- 
piece and  the  object-glass. 

The  microscope  possesses  numerous  eyepieces  and  object-glasses,  by 
means  of  which  a  great  variety  of  magnifying  power  is  obtained.  A  small 
magnifying  power  is  also  obtained  by  removing  one  or  two  of  the  lenses  of 
the  object-glnss. 

The  above  contains  the  essential  features  of  the  microscope  ;  it  is  made 
in  a  great  variety  of  forms,  which  differ  mainly  in  the  construction  of  the 
stand,  the  arrangement  of  the  lenses,  and  in  the  illumination.  For  descrip- 
tions of  these  the  student  is  referred  to  special  works  on  the  microscope. 
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592.  Atiiromatlsiii  of  the  microsoope.     Campanl's  eyepiece. — When 

a  compound  microscope  consists  of  two  single  lenses,  as  in  fig.  506,  not  only 

is  the  spherical  aberration  uncorrected,  but  also  the  chromatic  aberration, 

the  latter  defect  causing  the  images  to  be  surrounded  by  fringes  of  the 

prismatic  colours,  these  fringes  being  larger  as  the  magnification  is  greater. 

It  is  with  a  view  to  correcting  these  aberrations  that  the  object-glass  (see 

fig.  507)  is  composed  of  three  achromatic  lenses,  and  the  eyepiece  of  two 

lenses,  n  and  m  ;  for  the  first  of  these,  ;i,  would  be  enough  to  produce  colour 

unless  the  magnifying  power  were  low. 

The  effect  of  this  eyepiece  in  correcting  the  colour  may  be  explained 
as  follows  : — It  will  be  borne  in  mind  that  with  respect  to  red  rays  the  focal 
length  of  a  lens  is  greater  than  the  focal  length  of  the  same  lens  with 
reference  to  the  violet  rays. 

In  feet,  if  in  the  equation  (4)  (559)  we  write  R'«oo ,  we  obtain/ = , 

vhich  gives  the  focal  length  of  a  plano-convex  lens  whose  refractive  index 
is  n.  Now,  in  flint  glass,  and  for  the  red  ray,  n  - 1  equals  0-63,  and  for  the 
violet  ray  A  —  I  equ^s  0*67. 

Let  <i^  be  the  object,  O  the  object-glass,  which  is  corrected  for  colour. 
Consequently,  a  pencil  of  rays  falling  from  ^  on  O  would  converge  to  the 


Fig.  508. 

focus  A  without  any  separation  of  colours  ;  but  falling  on  the  Jie/d-gtass  C, 
^ke  red  rays  would  converge  to  r,  the  violet  rays  to  v,  and  intermediate 
colours  to  intermediate  points.      In  like   manner  the  rays  from  d,  after 
Passing  through  the  field-glass,  would  converge  to  r',  or  v\  and  interme- 
ddle points.     So  that  on  the  whole  there  would  be  formed  a  succession  of 
coloured  images  of  ad  ;  viz.  a  red  image  at  rr^,  a  violet  image  at  vz/',  and 
^^etwecn  them  images  of  intermediate  colours.     Let  d  be  the  point  of  the 
object  which  is  situated  on  the  axis.     The  rays  from  d  will  converge  to  R, 
V,  and  intermediate  points..    Now  suppose  the  eye-glass  O'  to  be  placed  in 
SBcb.a  manner  that  R  is  the  principal  focus  of  O'  for  the  red  rays,  then  V 
will  be  its  principal  focus  for  the  violet  rays.     Consequently,  the  red  rays, 
after  emerging  from  O,  will  be  parallel  to  the  axis,  and  so  will   the  violet 
rays  emerging  from  V,  and   so  of  any  other  colour.     Consequently,  the 
colours  of  dy  which  are  separated  by  C,  are  again  combined  by  O'.     The 
same  is  very  nearly  true  of  r  and  t/,  and  of  r'  and  v.     Hence  a  combination 
<A  lenses  C  and  O'  corrects  the  chromatic  aberration  that  would  be  produced 
by  the  use  of  a  single  eye-glass.    Moreover,  by  drawing  the  rays  towards  the 
axis,  it  diminishes  the  spherical  aberration,  and,  as  we  shall  see  in  the  next 
article,  enlarges  the  field  of  view. 

In  all  eyepieces  consisting  of  two  lenses  the  lens  to  which  the  eye  is 
applied  is  called  the  eye-lens ;  the  one  towards  the  object-glass  \s  caW^^V 
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field-lens.  The  eyepiece  above  described  was  invented  by  Huyghens,  who 
was  not,  however,  aware  of  its  property  of  achromatism.  He  designed  it  for 
use  with  the  telescope.  It  was  applied  to  the  microscope  by  Campani.  The 
relation  between  the  focal  lengths  of  the  lenses  is  as  follows  : — The  focal 
length  of  the  field-glass  is  three  times  that  of  the  eye-lens,  and  the  distance 
between  their  centres  is  half  the  sum  of  the  focal  length.  It  easily  follows 
from  this  that  the  image  of  the  point  d  would,  but  for  the  interposition  of  the 
field-lens,  be  formed  at  D,  which  is  so  situated  that  CD  is  three  times  DO'; 
then  the  mean  of  the  coloured  images  would  be  formed  midway  between  C 
and  O'. 

593.  Field  of  view. — By  the  field  of  view  of  an  optical  instrument  is 
meant  all  those  points  which  are  visible  through  the  eyepiece.  The  advan- 
tage obtained  by  the  use  of  an  eyepiece  in  enlarging  the  field  of  view  will  be 
readily  understood  by  an  inspection  of  the  accompanying  figure.  As  before, 
O  is  the  object-glass,  C  the  field-lens,  O'  the  eye-lens,  and  E  the  eye  placed 
on  the  axis  of  the  instrument.  Let  a  be  a  point  of  the  object ;  if  we  suppose 
the  field-lens  removed,  the  pencil  of  rays  from  a  would  be  brought  to  a 
focus  at  A,  and  none  of  them  would  fall  on  the  eye-lens  O^,  nor  pass  into  the 
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eye  E.  Consequently,  a  is  beyond  the  field  of  view.  But  when  the  field- 
glass  C  is  interposed,  the  pencil  of  rays  is  brought  to  a  focus  at  A',  and 
emerges  from  C  into  the  eye.  Consequently,  a  is  now  within  the  field  of 
view.  It  is  in  this  manner  that  the  substitution  of  an  eyepiece  for  a  single 
eye-lens  enlarges  the  field  of  view. 

594.  MarnifyinflT  power.  BCicrometer. — The  magnifying  power  of  any 
optical  instrument  is  the  ratio  of  the  magnitude  of  the  image  to  the  mag- 
nitude of  the  object.  The  magnifying  power  in  a 
compound  microscope  is  the  product  of  the  respec- 
tive magnifying  powers  of  the  object-glass  and  ot 
the  eyepiece  ;  that  is,  if  the  first  of  these  magnifies 
20  times,  and  the  other  10,  the  total  magnifying 
power  is  200.  The  magnifying  power  depends  on 
the  greater  or  less  convexity  of  the  object-glass 
and  of  the  eyepiece,  as  well  as  on  the  distance  be- 
tween these  two  glasses,  together  with  the  distance 
of  the  object  from  the  object-glass.  A  magnifying 
power  of  1,500  and  even  upwards  has  been  ob- 
tained ;  but  the  image  then  loses  in  sharpness 
what  it  gains  in  extent.  To  obtain  precise  and 
well-illuminated  images,  the  magnifying  power  ought  not  to  exceed  500  to 
600  diameters,  which  gives  a  superficial  enlargement  250,000  to  360,000 
times  that  of  the  object. 


Fig.  510. 


The  magnifying  power  is  determined  experimenlaljy  by 


/nitrometer  ;  this 

TDillimeire.  Tbe 
ihen,  insicad  of 
'1,  ihey  are  recei 
of  4S%  and  ihe 


small  glass  plate,  on  which,  by  means  of  a  diaraond, 
drawn  at  a  distance  from  each  other  of  Jj  or  ,1^  of  a 
licrometer  is  placed  in  from  of  the  object-glass,  and 
iewing  directly  the  rays  emerging  from  the  eyepiece 
d  on  a  piece  of  glass  A  (tig,  510),  inclined  at  an  angle 
placed  above  so  as  to  see  the  image  of  the  1 


meter  lines,  which  is  formed  by  reflection  on  a  screen  E,  on  which  is  a 
scale  divided  into  millimetres.  By  counlinu  the  number  of  divisions  of  this 
scale  corresponding  lo  a  certain  number  of  lines  of  ihe  image,  the  ma^i- 
^ing  power  may  be  deduced.  Thus,  if  the  image  occupies  a  space  of  45 
miilimclrcs  on  the  scale  and  contains  1 5  lines  of  the  micrometer,  the  distance 
between  each  of  which  shall  be  assumed  at  -^^  millimetre,  (he  absolute 
mkgnilude  of  the  object  will  be  j'^'g  millimetre  ;  and  as  the  image  occupies  a 
ipace  of  45  millimetres,  the  magnilicaiion  will  be  the  quotient  of4$by,'^j, 
or  30a  The  eye  in  this  experiment  ought  10  be  at  such  a  distance  from  the 
screen  E  that  the  screen  is  distinctly  visible  ;  this  distance  varies  with 
liiflercnt  observers,  but  is  usually  10  to  12  inches.  The  magnifying  power 
of  Ihe  microscope  can  also  be  determined  by  means  of  the  camera  lucida. 

When  once  the  magnifying  power  is  known,  the  absolute  magnitude  of 
objects  placed  under  the  microscope  is  easily  deduced.  For,  as  the  magni- 
fying power  is  the  quotient  of  the  siie  of  the  image  by  the  siie  of  the  object, 
it  (bllowa  that  the  size  of  the  image  divided  by  the  magnifying  power  gives 
the  siie  of  the  object :  in  this  manner  the  diameters  of  all  microscopic 
objects  arc  determined. 


95.  AatTODOmlCKl  Mlesoope. — The  aslronomual  telescope  is  used  for 
obsen-ing  the  heavenly  bodies  ;  like  ihe  microscope,  it  consists  of  a  con- 
densing eyepiece  and  object-glass.  The  cibjcci-jjlass,  M  (fig.  511),  forms  be- 
tween the  eyepiece,  N, 
and  its  principal  focus, 
as  iavencd  image  of  the 
hnvenly  body ;  and  this 
eyepiece,  which  acts  as 
a  nugnifying  glass,  then 

givesavirlual  and  highly  *v-  m'- 

nugniAed  image,  a'*',  of 

Um  image  ab.  The  astronomical  telescope  appears,  therefore,  analogous  to 
the  microscope  :  but  ihc  two  instruments  differ  in  this  respect,  that  in  the 
mkroscope,  the  object  being  very  near  the  object-glass,  the  image  is  formed 
much  beyond  the  principal  focus,  and  is  greatly  magnified,  so  that  both  the 
object-glass  and  the  eyepiece  magnify  ;  while  in  the  astronomical  telescope, 
the  heavenly  body  being  at  a  great  distance,  the  incident  rays  are  parallel, 
and  the  image  formed  in  the  principal  focus  of  the  object-glass  is  much 
smaller  than  the  object.  There  is,  therefore,  no  magnification  except  by 
the  eyepiece,  and  this  ought,  therefore,  to  be  of  very  short  focal  length. 
Fig.  513  shows  an  astronomical  lelcscope  mounted  on  its  stand. 
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it  there  is  a  small  telescope  which  is  called  Wm  fiiuL-r.  Telescopes  wit 
a  large  ma^ilying  power  are  not  convenient  for  finding  a  star,  as  they  hav 
but  a  small  field  of  view :  the  position  of  the  star  is,  accordingly,  firs 
sought  by  the  finder,  which  has  a  much  larger  field  of  view  ;  that  is,  talces  i 
a  far  greater  extent  of  the  heavens  :  it  is  then  viewed  by  means  of  th 
telescope. 

The  magnification  (589)  equals  ^^^  ffig.  511);  that  i 


it  equals  ^ 


less  converfient,  and  the  eyepiece  more  so. 

When  the  telescope  is  used  to  make  an  accurate  observation  of  the  sta 
^for  example,  the  zenith   distance,  or  their  passage  over  tl 

©meridian — a  cross  win  is  added.  This  consists  of  two  vcj 
fine  metal  wires  or  spider  threads  stretched  across  a  circuL 
aperture  in  a  small  metal  plate  (fig.  513).  The  wires  ought ' 
be  placed  in  the  position  where  the  inverted  image  is  pr 
duced  by  the  object-glass,  and  the  point  where  the  wires  CTO 
*^'^*  ought  to  be  on  the  optical  axis  of  the  telescope,  which  ihi 
becomes  the  line  of  sight  or  collimatioii. 

596.  TMrestrlBl  Mlesoope. — The  terrestrial  telescope  differs  from  tl 
astronomical  telescope  in  producing  images  in  their  right  positions.  This 
effected  by  means  of  two  condensing  glasses,  P  and  Q  (fig.  514),  placi 
between  the  object-glass  M  and  the  eyepiece  R.  The  object  being  su 
posed  to  be  at  Alt,  at  a  greater  distance  than  can  be  shown  in  the  drawin 
an  inverted  and  much  smaller  image  is  formed  at  ba  on  the  other  side  of  tl 
object-glass.  But  the  second  lens,  P,  is  .it  such  a  distance  that  its  princip 
focus  coincides  with  the  image  ab  ;  from  which  it  follows  that  the  luminoi 
rays  which  pass  through  6,  for  example,  .ifter  traversing  the  lens  P,  lake 
direction  parallel  to  the  secondary  axis  bO  (5^;).     Similarly  the  rays  passiE 
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by  it  take  adircctinn  purallel  to  the  axis  uO.  After  crossing  in  H,  these  | 
various  rays  traverse  a  third  lens  (^,  whose  principal  focus  coincides  with  | 
^)e  point  H.  The  pencil  HAH  converges  towards  b',  on  a  secondary  axis 
WV,  parallel  to  its  direction  ;  [he  pencil  AaH  converging  in  the  same  mannei 
It  a',  an  erect  image  of  the  object  AB  is  produced  at  a'b'.  This  image  is 
viewed,  as  in  the  astronomical  leicscope,  through  a  condensing  eyepiece  R, 
so  placed  thai  it  acts  as  a  magnifying  glass  ;  that  is,  its  distance  from  the 
im^e  a'b'  is  less  than  the  principal  focal  distance  ;  hence  (here  is  formed, 
al  a"^",  a  virtual  image  of  a'b\  erect,  and  much  jnagnilicd.     The  lenses  P 


in 
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and  n,  which  only  sene  to  rectify  the  position  of  the  image,  arc  lixcd  in  a 
brass  tube,  at  a  constant  distance,  which  is  equal  to  Che  sum  of  their  principal    , 
focal  distances.    The  object-glass  M  moves  in  a  tube,  and  can  be  mo*ed 
lo  or  from  the  lens  P,  so  that  the  image  ab  is  always  formed  in  the  focus  of  ] 
the  lens,  whatever  be  the  distance  of  the  object.    The  distance  of  the  lens   , 
R  may  also  be  varied,  so  that  the  image  a"b"  may  be  formed  a 
mncc  of  distinct  vision. 

This  instrument  may  also  be  used  as  an  astronomical  telescope  by  using 
RdifTcrenl  eyepiece  ;  this  must  have  a  much  greater  magnifying  power  than    i 
in  the  former  case. 

In  the  terre-itrial  telescope  the  magnifying  power  is  the  sa 
astronnmical  telescope,  provided  aluays  that  the  correcting  % 
Q,  have  the  same  con*  exity. 

597.  OsUIb*'*  tel«>o0p«. —  Gatiteds  teltseope  is  the  simplest  or  all 
iritsCopcs,  for  it  ontyconsisis  of  two  lenses  ;  namely,  an  object-glass,  M.and 
I  diverging  or  double  con- 
rave  eyepiece,  R  (fig.  51; 
and  it  gives  at  once  an  crci  ■ 
image.  Opera-giiissc  .11  ( 
CMIMniCIcd     on     thi.^    prin 

dpie. 

If  the  object    ije  reprc-  |.. 

Knied  bythe  right  lint  Al'.,  '"  ''^' 

\  real    but    inverted  anil   smaller  image  uould    be    formed  ai  liii  ;  but   in 
rraveriing  the  eyepiece  K,  the  rays  emitted  from  the  points  A  and  H  are 
refracted,  and  diverge  from  the  secondary  axes  bO'  and  aO',  which  corre- 
ipond  tn  the  points  b  and  a  tii  the  image.     HeiKe,  these  rays  produced 
backward  meet  their  axes  in  a'  and  b'  ;  the  eye  which  receives  them  sees   I 
venrdingly  an  erect  and  magnified  image  in  a'b',  which  appears  nearer  J 
because  it  is  seen  under  an  angle,  a'O'6',  greater  than   the  angle,  AOFj  J 
imder  which  the  object  is 
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The  magnifying  power  is  equal  to  the  ratio  of  the  angle  a'C*'  to  the 
angle  AOB,  and  is  usually  from  2  to  4. 

The  distance  of  the  eyepiece  K  from  the  image  ab  is  pretty  nearly  equal 
to  the  principal  focal  distance  of  this  eyepiece  ;  it  follows,  therefore,  that  the 
distance  between  the  two  lenses  is  the  distance  between  their  respective 
focal  distances  ;  hence  Galileo's  telescope  is  very  short  and  portable.  It 
has  the  advantage  of  showing  objects  in  their  right  position  ;  and,  further, 
as  it  has  only  two  lenses,  it  absorbs  very  little  light  :  in  consequence,  how- 
ever, of  the  divergence  of  the  emergent  rays,  it  has  only  a  small  field  of  view, 
and  in  using  it  the  eye  must  be  placed  very  near  the  eyepiece.  The  eye- 
piece can  be  moved  to  or  from  the  object. glass,  so  that  the  image  a'  b'  is 
always  formed  at  the  distance  of  distinct  vision. 

The  opera-glass  is  usually  double,  so  as  to  produce  an  image  in  each  ej'e, 
by  which  greater  brightness  is  attained. 

The  time  at  which  telescopes  were  invented  is  not  known.  Some  attri- 
bute their  invention  to  Roger  Bacon  in  the  thirteenth  century  ;  others  to  J.  B. 
Porta  at  the  end  of  the  sixteenth  ;  others,  again,  to  a  Dutchman,  Jacques 
Melius,  who,  in  1609,  accidentally  found  that  by  combining  two  glasses,  one 
concave  and  the  other  convex,  distant  objects  appeared  nearer  and  much 
larger.  Galileo's  was  the  first  telescope  directed  towards  the  heavens.  By 
its  means  Galileo  discovered  the  mountains  of  the  moon,  Jupiter's  satellites, 
and  the  spots  on  the  sun. 

598.  KeaeotlnK  telasoopea. — The  telescopes  previously  described  are 
refracling  or  dioptric  telescopes.  It  is,  however,  only  in  recent  times  that 
it  has  been  possible  to  construct  achromatic  lenses  of  large  size  ;  before  this 
a  concave  metallic  mirror  was  used 
instead  of  the  object-glass.  Tele- 
k  scopes  of  this  kind  are  called  reJLxl- 
or  catoptric  tetescofts.  The 
principal  forms  are  those  devised 
by  Gregory,  Newton,  Herschel.and 
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—Fig.  516  is  a  representation  ot 
Gregorj''s  telescope  ;  it  is  mounted 
on  a  stand,  about  which  it  is  mov- 
able, and  can  be  inclined  at  any 
angle.  This  mode  of  mounting  is 
optional  ;  it  may  be  equatorially 
mounted.  Fig.  517  gives  a  longi- 
tudinal section.  It  consists  of  a 
long  brass  lube  closed  at  one  end 
by  a  concave  [nelallic  mirror,  M, 
which  is  perforated  in  the  centre 
by  a  round  aperture  through  which 
rays  reach  the  eye.  There  is  a  se- 
cond concave  metal  mirror,  N,  near 
;cr  than  the  central  aperture  in  the 
:  is  much  smaller  than  that  of  ibe 


the  end  of  the  lube  : 
large  mirror,  and  its 
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large  mirror.    The  axes  of  both  mirrors  coincide  with  the  axis  of  the  tube. 
As  the  centre  of  curvature  of  the  large  mirror  is  at  O,  and  its  focus  at  (tb^ 
rays,  such  as  SA,  emitted  from  a  heavenly  body,  are  reflected  from  the 
mirror  M,  and  form  at  ab  an  inverted  .and  very  small  image  of  the  heavenly 
body.    The  distance  of  the  mirrors  and  their  curvatures  is  so  arranged  that 
the  position  of  this  image  is  between  the  centre,  <?,  and  the  focus,/,  of  the  small 
mirror ;  hence  the  rays,  after  being  reflected  a  second  time  from  the  mirror 
N,  form  at  a'b*  a  magnified  and  inverted  image  of  ab^  and  therefore  in  the 
irac  position  of  the  heavenly  body.     This  image  is  viewed  through  an  eye- 
piece, P,  which  may  either  be  simple  or  compound,  its  object  being  to 
magnify  it  again  so  that  it  is  seen  at  a"b'\ 


Fig.  5I7. 

As  the  objects  viewed  are  not  always  at  the  same  distance,  the  focus  of 
the  large  mirror,  and  therefore  that  of  the  small  one,  vary  in  position. 

And  as  the  distance  of  distinct  vision  is  not  the  same  with  all  eyes,  the 
image  a"b"  ought  to  be  formed  at  diflferent  distances.  The  required  adjust- 
n»ents  may  be  obtained  by  bringing  the  small  mirror  nearer  to  or  farther 
from  the  larger  one ;  this  is  eflfected  by  means  of  a  milled  head,  A  (fig.  516), 
^'hich  turns  a  rod,  and  this  by  a  screw  moves  a  piece  to  which  the  mirror  is 
fixed. 

^  The  Wewtonian  telescope. — This  instrument  does  not  difler  much 
from  that  of  Gregory  ;  the  large  mirror  is  not  perforated,  and  there  is  a 
small  plane  mirror  inclined  at  an  angle  of  45°  towards  an  eyepiece  placed  in 
the  side  of  the  telescope. 


Fii{.  518. 


The  difiiculty  of  constructing  metallic  mirrors  caused  telescopes  of 
Gregorian  and  Newtonian  construction  to  fall  into  disuse.  Of  late,  how- 
ever, the  process  of  silvering  glass  mirrors  has  been  carried  to  a  high  state 
^f  perfection,  and  Foucault  applied  these  mirrors  to  Newtonian  telescopes 
with  great  success.     His  first  mirror  was  only  four  inches  in  diameter,  but 
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he  has  successively  constructed  mirrors  of  8.  iz,  and  13  inches,  and  at  the 
time  of  his  death  had  completed  one  of  3;  inches  in  diameter. 

Fig.  519  represents  a  Newtonian  telescope  mounted  on  an  equatorial 
stand,  and  fig.  518  gives  a  horiionlal  section  of  it.  This  section  shows 
how  tlie  luminous  rays  reflected  from  the  parnbdlie  mirror  M   meet  a  small 


rectangular  prism,  m,  which  replaces  the  inclined  plane  mirror  used  in  thtf^ 
old  form  of  Neivionian  telescope.  After  undergoing  a  total  refleciiao  from 
m,  the  rajs  form  at  a#  a  very  small  image  of  the  heavenly  body.  This 
image  is  viewed  through  an  eyepiece  with  four  lenses  placed  on  the  side'of' 
the  telescope,  and  magnifying  from  50  to  800  times,  according  to  the  «iie  oT 
the  silvered  mirror. 
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In  reflectors  the  mirror  acts  as  object-glass,  but  there  is,  ot  course,  no 
chromatic  aberration.  The  spherical  aberration  is  corrected  by  the  fomi 
given  to  the  reflector,  which  is  paraboloid,  but  slightly  modified  by  trial  to 
suit  the  eyepiece  fitted  to  the  telescope. 

The  mirror  when  once  polished  is  immersed  in  a  silvering  liquid,  which 
tOQsists  essentially  of  ammoniacal  solution  of  nitrate  of  silver,  to  which  some 
reducing  agent  is  added.  When  a  polished  glass  surface  is  immersed  in 
this  solution,  silver  is  deposited  on  the  surface  in  the  form  of  a  brilliant 
metallic  layer,  which  adheres  so  firmly  that  it  can  be  polished  with  rouge  in 
the  usual  manner.  These  new  telescopes  with  glass  mirrors  have  the  ad- 
vantage over  the  old  ones  that  they  give  purer  images,  they  weigh  less,  and 
are  much  shorter,  their  focal  distance  being  only  about  six  times  the  diameter 
of  the  mirror. 

These  details  known,  the  whole  apparatus  remains  to  be  described.    The 
body  of  the  telescope  (fig.  519)  consists  of  an  octagonal  wooden  tube.     The 
end  G  is  open  ;  the  mirror  is  at  the  other  end.    At  a  certain  distance  from 
this  end  two  axles  are  fixed,  which  rest  on  bearings  supported  by  two  wooden 
uprights  A  and  B.    These  are  themselves  fixed  to  a  table  PQ,  which  turns 
on  a  fixed  plate  RS,  placed  exactly  parallel  to  the  equator.     On  the  circum-, 
fercnce  of  the  turning-table  there  is  a  brass  circle  divided  into  360  degrees  ; 
Md  beneath  it,  but  also  fixed  to  the  turning-table,  there  is  a  circular  toothed 
^hecl,  in  which   an  endless  screw,  V,  works.     By  moving  this   in  either 
direction  by  means  of  the  handle  w,  the  table  PQ,  and  with  it  the  telescope, 
<^n  be  turned.    A  vernier,  jr,  fixed  to  the  plate  RS,  gives  the  fractions  of  a 
degree.    On  the  axis  of  the  motion  of  the  telescope  there  is  a  graduated 
circle,  0,  which  serves  to  measure  the  declination  of  the  star — that  is,  its 
angular  distance  from  the  equator  ;  while  the  degrees  traced  round  the  table 
l^S  serve  to  measure  the  right  ascension — that  is,  the  angle  which  the  de- 
clination circle  of  the  star  makes  with  the  declination  circle  passing  through 
^be  first  point  of  Aries. 

In  order  to  fix  the  telescope  in  declination,  there  is  a  brass  plate,  £,  fixed 
to  the  upright ;  it  is  provided  with  a  clamp,  in  which  the  limb  O  works,  and 
^hich  can  be  screwed  tight  by  means  of  a  screw  with  a  milled  head  r.  On 
the  side  of  the  apparatus  there  is  the  eyepiece  <?,  which  is  mounted  on  a 
sliding  copper  plate,  on  which  there  is  also  the  small  prism  w,  represented 
•^  section  in  fig.  518.  To  bring  the  image  to  the  right  place,  this  plate  may 
be  moved  by  means  of  a  rack  and  a  milled  head  a.  The  handle  //  serves  to 
^hmp  or  unclamp  the  screw  V.  The  drawing  was  one  taken  from  a  tele- 
^ope,  the  mirror  of  which  is  only  6J  inches  in  diameter,  and  which  gives  a 
"^ifying  power  of  1 50  to  200. 

601.  The  Kersolielian  telescope.— Sir  W.  Herschel's  telescope,  which 
•^ntil  recently  was  the  most  celebrated  instrument  of  modem  times,  was  con- 
structed on  a  method  differing  from  those  described.  The  mirror  was  so  in- 
dmed  that  the  image  of  the  star  was  formed  at  ab  on  the  side  of  the  telescope 
•Jcar  the  eyepiece  o  :  hence  it  is  termed  the  front  view  telescope.  As  the 
^ys  in  this  telescope  only  undergo  a  single  reflection,  the  loss  of  light  is  less 
tban  in  either  of  the  preceding  cases,  and  the  image  is  therefore  brighter, 
^c  magnifying  power  is  the  quotient  of  the  principal  focal  distance  of  the 
n^irror  by  the  focal  distance  of  the  eyepiece. 

A  A  3 


late  Earl  of  Rosse.  This  magi 
feel,  the  diameter  of  the  spectr 
a  Newtonian  telescope,  but  it 


1789  ;  it  was  40  feet  in 
r.  The  quantity  of  li^i 
obtained  by  this  instnir 
nient  was  so  great  as  to 
enable  its  inventor  to 
use  magnifying  powers 
far  higher  than  anything 
which  had  hitherto  been 
attempted. 

Herschel's  telescope 

has  been  exceeded  by 

one  constructed  by  the 

instrument  has  a  focal  distance  of  53 

being  six  feet.     It  is  at  present  used  ss,^ 

also  be  arranged  as  a  froni-rien-  leie — - 


INSTRUMENl'S   FOR   FORMING 


ES  OF  OBjEcra, 
obscura  (dark  chamber)  is,  as  ii 


602.  Camera  abBOnra.^The 

name  implies,  a  closed  spLice  impervious  to  light.     There  is,  however, 
aperture  by  which  luminous  rays  enter,  as  shown  in  fi:;.  521.     The  rays 


ceeding  from  external  objects,  and  entering  by  this  aperture,  fomi  on  ■^"^ 
opposite  side  an  image  of  the  objects  in  their  natural  colours,  but  of  reduC^^ 
dimensions,  and  in  an  inverted  position. 

Porta,  a  Neapolitan  physician,  the  inventor  of  this  instrument,  fotmd  itJ" 
by  fixing  a  double  convex  lens  in  the  aperture,  and  placing  a  white  screen  *" 
the  focus,  the  image  was  much  brighter  and  more  definite.  ~ 

Fig.  521  represents  a  camera  obscura,  such  as  is  used  for  drawing, 


13]  Camera  Lucida.  535I 

iists  of  a  (ectangular  wooden  box,  formed  of  two  parts  which  slide  in  an 
The  luminous  rays  R  pass  into  (he  box  through  a  lens  B,  and  fonti  a 

ge  on  the  opposite  side  O,  which  is  at  the  focal  distance  of  the  lens.  | 
the  rays  are  reflected  from  a  glass  mirror  M,  inclined  al  an  angle  of  45", 
ftwrm  an  image  on  the  ground-glass  plate  N.     When  a  piece  of  tracing- 

er  is  placed  on  ihis  screen,  a  drawing  of  the  image  is  easily  made. 

den  door,  A,  cuts  off  extraneous  lighL 

The  box  is  formed  of  two  parts,  sliding  01 

lis  of  a  telescope,  so  that,  by  elongating  ii 

ige  may  be  made  to  fall  exactly 
the  screen  N,  at  whatever  dis- 

re  the  object  may  be  situated. 

Kig.  s^a  shows  another  kind  of 

lera  obscura  which  is  occasionally 

:ied   in   summer-houses.       In    a 

ss   case,  A,  there   is  a  triangular 

im,  P  (tig.   523),  which  acts  both 

condCDiing   lens   and   as    mirror. 

e  of  its   faces   is   plane,  but    the 

m  have  such  curvatures  thai  the  ^ 

ibtned    refractions,    on    entering 

I  emerging  from  the  prism,  pro- 

e  the  effect  of  a  meniscus  lens. 

i>e«    rays    from    an    object    AB, 

y  passing  into  the  prism  and  un- 
doing   total    reflection    from    the 

\(J,  form  at  iil>  a  real   image  of 

Blig.  53J  the  small  table  R  corre- 
J  the  focus  of  the  prism  in 
and  an  image  forms 
biece  of  paper  placed  on  the 
\  The  whole  is  surrounded  by 
I  curtain,  so  that  the  observer 


1  place  himself  in  complete  dark- 


mera  Inoldk. — The  cauura  lucida  is  a  small  inslrumenl  depend- 

■ilemal  rcJieclion,  and  serves  for  taking  an  outline  of  any  object.     It 

^nled  by  Wollaslon  in  1804,     it  consists  of  a  small  four-sided  glass 

which  fig.  J24  gives  a  section  perpendicular  to  the  edges.     A  is  a 

|;le,  and  C  an  angle  of  135° ;  the  other  angles,  B  and  I),  are  67J". 

p  rests  on  a  stand,  on  which  it  can  be  raised  or  towered,  and  turned 

(  about  an  axis  parallel  to  the  prismatic  edges.     When  the  face 

d  towards  the  object,  the  rays  from  the  object  fall  nearly  per- 

lon  this  face,  pass  into  the  prism  without  any  appreciable  refrac- 

e  totally  reflected  from  BC  ;  for  as  the  line  ab  is  perpendicular  to 

10  AB,  the  angle  anL  will  equal  the  angle  B  ;  that  is,  it  will  con- 

d  this  being  greater  than  the  critical  angle  of  glass  (J40),  the  ray 

a  total  reflection.     The  rays  are  again  totally  reflected  from 

near  the  summit,  U,  in  a  direaion  almost  perpendicular  to 
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the  face  DA,  so  that  the  eye  which  receives  the  rays  sees  at  L'  an  image 
of  the  object  L.     If  the  outlines  of  the  image  are  traced  with  a  pencil,  a 

very  correct  design  is  obtained ;  but  unfortunately 
there  is  a  great  difficulty  in  seeing  both  the  image 
and  the  point  of  the  pencil,  for  the  rays  from  the 
object  give  an  image  which  is  farther  from  the  eye 
than  the  pencil.  This  is  corrected  by  placing  be- 
tween the  eye  and  prism  a  lens,  I,  which  gives  to 
the  rays  from  the  pencil  and  those  from  the  object 
the  same  divergence.  In  this  case,  however,  it  is 
necessary  to  place  the  eye  very  near  the  edge  of  the 
prism,  so  that  the  aperture  of  the  pupil  is  divided 
into  two  parts,  one  of  which  sees  the  image  and  th 
other  the  pencil. 

Amici's  camera  lucida,  represented  in  fig.  523,  is  preferable  to  that  o 
Wollaston,  inasmuch  as  it  allows  the  eye  to  change  its  position  to  a  con 
siderablc  extent,  without  ceasing  to  see  the  image  and  the  pencil  at  thi 

same  time.      It  co; 


Fig.  523. 


sists  of  a  rectanguls 
glass  prism, 
having  one  of  \w^  iits 
perpendicular  fac^^  res 
turned  towards  tl=dKhe 
object  to  be  depicte-^^sdr 
while  the  other  is 
right  angles  to  an  vr 
clined  plate  of  gl 
mn.  The  rays 
*'^s-5^4.  Fig.  525.  proceeding  from  t 

object,  and  entering  the  prism,  are  totally  reflected  from  its  base  at  D, 
emerge  in  the  direction  KH.     They  are  then  partially  reflected  from  tl 
glass  plate  inn  at  H,  and  form  a  vertical  image  of  the  object  L,  which 
seen  by  the  eye  in  the  direction  OL'.      The  eye  at  the  same  time  se*» 
through  the  glass  the  point  of  the  pencil  applied  to  the  paper,  and  th^' 
the  outline  of  the  picture  may  be  traced  with  great  exactness. 

604.  Magric  lantern. — This  is  an  apparatus  by  which  a  magnified  im: 
of  small  objects  may  be  projected  on  a  white  screen  in  a  dark  room, 
best  is  the  sciopticon^  fig.  526.     The  box  C,  the  side  of  which  is  shown  r* 
moved,  is  constructed  of  sheet  iron  ;  e  is  the  flame  of  a  lamp  V,  with  two  loi 
flat  wicks,  fed   by  petroleum  from  the  reservoir  B.      The  box  is  airtigl 
and  the  chimney  F  producing  a  good  draught,  the  air  is  compelled  to 
through  the  wicks,  by  which  smoke  and  smell  are  avoided,  and  a  flame 
high  illuminating  power  is  produced. 

The  ends  of  the  box  are  closed  by  glass  plates  /  and  /'.     G  is  a  hing*"     ^ 
door,  and  on  its  inside  is  a  concave  mirror ;  o  and  o  are  two  plano-com 
lenses,/ a  spring  clamp,  in  which  is  placed  the  transparent  picture, 
sliding  piece  T/?  supports  the  lens  tube,  in  which  are  two  achromatic  leni 
a  and  b^  the  fine  adjustment  of  which  is  effected  by  the  screw  S. 

The  rays  from  the  flame  e^  reinforced  by  the  reflection  from  G,  falli.  ^S 


Solar  Microscope. 


3  made  parallel,  or,  at  all  events,  verj-  slightly  d 
accordingly  called  the  condtnuing  lenses. 


n 


V 


upon  the  lenses  o,  o,  an 
gent  ;  iheir  lenses  are 
through  the  abject 
lAich  is  depicted  on 
llw  slide  placed  in  P, 
they  are  concenirfticd 
to  KR  image  which  is 
received  e 

Ihe  image  is  in- 
vened,  and  hence,  if 
objects  are  to  be  si 

tion,    they    i 

drawn  inverted. 

ordinary    drawj 

are    easily    adjusted 

by  fixing  an  eqtiita- 

leral  rectangular  prism,    V   (liy,    5;7j,    in 

froDI  of  the  lens  tube,  so  that  the  hypo- 

thenuse  surface  is  horizontaL    The  parallel 

rays  falling  on  the  prism  are  inverted  in 

conseqaence  of  refraction  at  the  sides,  and 

total  reflection  from  the  hypolhenusc  sur- 
face, so  that  an  upright  position  is  obtained 

instead  of  a  reverseone.    TTicdotted  lines   ■ 

o^aErand  fghik  give  the  path  of  two  rays. 

The   apparatus  can   be   used  for   pro-  "  "' 

Jecting  on  a  screen  not  only  flat  imiiges,  but  also  simple  physical  cxperi- 

ineats  such  as  the  expansion  of  a  liquid  in  a  thermometer,  the  divergence 

of  ihe  gold  leaves  of  an  electroscope,  and  so  forth. 

Dissolving  Tfirws  arc  obtained  by  arranging  two  magic  lanterns,  which 

SMC  quite  ahke,  with  dilTerent  pictures,  in  such  a  manner  that  both  pictures 

are  produced  on  exactly  the  same  part  of  a  screen.     The  object-glasses  of 

both  lanterns  are  closed  by  shades,  which  are  so  arranged  that  according  as 

one  is  raised  the  other  is  lowered,  and  vice  vcrsd.     In  this  way  one  picture 

■5  gradually  seen  to  change  into  the  other. 

The  magnifying  power  of  the  magic  lantern  is  obiained  by  dividing  the 

(Ustancc  of  the  lens  C  from  the  image  by  its  distance  fiom  the  object.     If 

the  image  is  loo  or  i.ooo  times  farther  from  the  lens  than  the  olyeci,  the 
L  Image  will  be  loo  or  1,000  limes  as  large.  Hence  a  lens  with  a  very  short 
I  Gxus  can  produce  a  very  large  image,  provided  the  screen  is  sufficiently 
\  Urge. 

■  Solar   mloroaoopo. — The   solar   microscope  is 
1  lantern  illuminated  by  the  sun's  rays  ;  it  serves  to  produi 

■  images  of  vrry  small  objects.     It  is  worked  in  a  dark  r 

■  presents  it  filled  in  the  shutter  o 
(details. 

llie  sun's  rays  fall  on  a  plane  mirror,  M.  placed  outside  the  room,  and 
re  reflected  inwards  a  condensing  lens,  /,  and  from  thence  to  a  second  lens, 


1  reality  a  magic 
c  highly  magnified 
■oom  ;  fig.  S28  re- 
,  and  fig.  529  gives  the  internal 
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o  (fig.  539),  by  which  they  are  concentrated  at  its  focus.  The  object  to  be 
magnified  is  at  this  point ;  it  is  placed  between  two  glass  plates,  which,  by 
means  of  a  spring,  n,  are  kept  in  a  6nn  position  between  two  metal  plates, 
M.     The  object  thus  stron.^ly  illuminated  is  very  near  the  focus  of  * 


system  of  three  condensing  lenses,  x,  which  forms  upon  a  screen  at  a 
suitable  distance  an  inverted  and  greatly  magnified  image,  oA.  The  distance 
of  the  lenses  o  and  .t-  from  the  object,  is  regulated  by  means  of  screws  C 
and  D. 

As  the  direction  of  the  sun's  light  is  continually  varying,  the  position  of 
the  mirror  outside  the  shutter  must  also  be  changed,  so  that  the  reflection 
is  always  in  the  direction  of  the  axis  of  the  microscope.      The  most  exaa 


apparatus  for  this  purpose  is  the  heliostat  (534) ;  but  as  this  instrument  is 
very  expensive,  the  object  is  usually  attained  by  inclining  the  mirror  to  a 
greater  or  less  extent  by  means  of  an  endless  screw  B,  and  at  the  same  time 
turning  the  mirror  itself  round  the  lens  /  by  a  knob  A,  which  moves  in  a 
fixed  slide. 


luttlwiih  the  photo-electric  light.  According  to  the  magnifying  power  which 
"  i>  desired  lo  obtain,  the  objective  .r  is  formed  of  one,  two,'  or  three  lenses, 
»l)ich  arc  all  achromatic. 

The  solar  microscope  furnishes  the  means  of  exhibiting  to  a  large  audience 
manjr  ctunous  phenomena,  such,  for  instance,  as  the  circulation  of  blood  in 
llie  imaller  animals,  the  crystallisation  of  salts,  the  occurrence  of  animalcules 
r,  vinegar,  &c.  &•:. 

606.  Vbata-el«otrio  mioroacop*. — This  is  nothing  more  than  the  solar 
microiicopc,  which  is  illuminated  by  the  electric  light  instead  of  by  the  si 
I   nyB.    The  electric  light,  by  its  intensity,  its  steadiness,  and  the  readini 
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with  which  it  can  be  produced  at  any  time  of  the  day,  is  far  preferable  to  tl 
solar  light.  The  photo-electric  microscope  alone  will  be  described  her 
the  electric  light  will  be  considered  under  the  head  of'Galvanism. 

^*&-  530  represents  the  arrangement  devised  by  Duboscq.  A  sol 
microscope,  ABD,  identical  with  that  already  described,  is  fixed  on  tl 
outside  of  a  brass  box.  In  the  interior  are  two  charcoal  points  which  < 
not  quite  touch,  the  space  between  them  being  exactly  on  the  axis  of  tl 
lenses.  The  electricity  of  one  end  of  a  powerful  battery  reaches  the  charco 
a  by  means  of  a  copper  wire  K  ;  while  the  electricity  from  the  opposite  ci 
of  the  batler>'  reaches  ^  by  a  second  copper  wire  H. 

During  the  passage  of  the  electricity  a  luminous  arc  is  formed  bctw« 
the  two  ends  of  the  carbons,  which  gives  a  most  brilliant  light,  and  powe 
fully  illuminates  the  microscope.  This  is  effected  by  placing  at  D  in  tl 
inside  of  the  tube  a  condensing  lens,  whose  principal  focus  corresponds 
the  space  between  the  two  charcoals.  In  this  manner  the  luminous  ra] 
which  enter  the  tubes  D  and  B  are  parallel  to  their  axis,  and  the  san 
effects  are  produced  as  with  the  ordinary  solar  microscope ;  a  magnific 
image  of  the  object  placed  between  two  plates  of  glass  is  produced  on  tl 
screen. 

In  continuing  the  experiment  the  two  carbons  become  consumed,  an 
to  an  unequal  extent,  a  more  quickly  than  c.  Hence, their  distance  increasin 
the  light  becomes  weaker,  and  is  ultimately  extinguished.  In  speakir 
afterwards  of  the  electric  light,  the  working  of  the  apparatus  P,  which  keep 
these  charcoals  at  a  constant  distance,  and  thus  ensures  a  constant  X\^ 
will  be  explained. 

The  part  of  the  apparatus  MN  may  be  considered  as  a  universal /A^/S 
genie  apparatus.  The  microscope  can  be  replaced  by  the  headpieces  of  tl 
phantasmagoria,  the  polyorama,  the  megascope,  by  polarising  apparatus,  &( 
and  in  this  manner  is  admirably  adapted  for  exhibiting  optical  phenomer 
to  a  large  auditory.  Instead  of  the  electric  light,  we  may  use  with  th 
apparatus  the  oxyhydrogen  or  Drummond's  light,  which  is  obtained  by  hea 
ing  a  cylinder  of  lime  in  the  flame  produced  by  the  combustion  of  a  mixtu: 
of  hydrogen  or  of  coal  gas  with  oxygen  gas. 

607.  Ufflitliouse  lenses. — Lenses  of  large  dimensions  are  very  difHcu 
of  construction  ;  they  further  produce  a  considerable  spherical  aberratia 
and  their  thickness  causes  the  loss  of  much  light.  In  order  to  avoid  the: 
inconveniences,  echelon  lenses  have  been  constructed.  They  consist  of 
plano-convex  lens,  C  (figs.  531  and  532),  surrounded  by  a  series  of  annul; 
and  concentric  segments.  A,  B,  each  of  which  has  a  plane  face  on  the  san 
side  as  the  plane  face  of  the  central  lens,  while  the  faces  on  the  other  sic 
have  such  a  curvature  that  the  foci  of  the  different  segments  coincide  in  tl 
same  point.  These  rings  form,  together  with  the  central  lens,  a  single  len 
a  section  of  which  is  represented  in  fig.  532.  The  drawing  was  made  fro; 
a  lens  of  about  2  feet  in  diameter,  the  segments  of  which  are  formed  of 
single  piece  of  glass  ;  but,  with  larger  lenses,  each  segment  is  likewise  forme 
of  several  pieces. 

Behind  the" lens  there  is  a  support  fixed  by  three  rods,  on  which  a  bod 
can  be  placed  and  submitted  to  the  sun's  rays.  As  the  centre  of  the  suppoi 
coincides  with  the  focus  of  the  lens,  the  substances  placed  there  are  melte 
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rolatnised  by  the  Iiigh  lemperaiure  produced.  Cold,  platinum,  and 
\t  are  melted.  The  experiment  proves  thai  heal  is  refracted  in  the  same 
as  liKht  :  for  ihc  position  of  the  calorific  focus  is  Idenlica!  with  thai  of 
uminous  focus. 

omieiiy  parabolic  mirrors  were  used  in  sending  the  light  of  beacons 
lighthouses  to  great  distances,  but  they  have  been  supplanted  by  the  use 
nses  of  the  above  construction.  In  most  cases  oil  is  used  in  a  lamp  of 
liar  consiruciion,  which  gives  as  much  light  as  zo  moderators.     The 

is  placed  in  the  principal  focus  of  the  lens,  so  that  the  emergent  rays 
parallel 


nt,  too,  o(  the  numlier  cif  liim.-.  ilu-  hj;lil  iMsappears  in  a  given  lime,  and 
he  colour  of  the  tight,  sailors  are  en.ibled  to  distinguish  the  lighthouses 
\  one  another,  and  hence  to  know  their  position. 
)f  late  years  llic  use  of  the  electric  light  has  been  substituted  for  that 

tA  description  of  the  apparatus  will  be  given  in  a  subsequent 
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PHOTOCRAPHy. 

608.  Vbotoirrapttj  is  the  art  of  fixing  the  images  of  the  camera  obscunt 
on  substances  scnsHiT/e  to  light.  The  various  photographic  processes  may 
be  classed  under  three  heads  :  photography  on  meta),  photography  on  paper, 
and  photography  on  glass. 

Wedgwood  was  the  first  to  suggest  the  use  of  chloride  of  silver  in  fixing 
the  image,  and  Davy,  by  means  of  the  solar  microscope,  obtained  images  of 
small  objects  on  paper  impregnated  with  chloride  of  silver  ;  but  no  method 
was  known  of  preserving  the  images  thus  obtained,  by  preventing  the  further 
action  of  light.  Niepce,  iti  1814,  obtained  permanent  images  of  the  camera 
by  coating  glass  plates  with  a  layer  of  a  varnish  composed  of  bitumen  dis- 
solved in  oil  of  lavender.  This  process  was  tedious  and  inefficient,  and  it 
was  not  until  [839  that  the  problem  was  solved.  In  that  year  Daguenc 
described  a  method  of  fixing  the  images  of  the  camera,  which,  with  the  sub- 
sequent improvements  of  Talbot  and  Archer,  has  rendered  the  art  of  photo- 
graphy one  of  the  most  marvellous  discoveries  ever  made,  either  as  to  the 
beauty  and  perfection  of  the  results,  or  as  to  the  celerity  with  which  they  are 
produced. 

In  Daguerre's  process,  the  Daguerrotypc,  the  picture  is  produced  on  a 
plate  of  copper  coated  with  silver.  This  is  first  very  carefully  polished — an 
operation  on  which  much  of  the  success  of  the  subsequent  operations  depends. 
It  is  then  rendered  scnsitiv/  by  exposing  it  to  the  action  of  iodine  vapour, 
which  forms  a  thin  layer  of  iodide  of  silver  on  the  surface.  The  plate  is  now 
fit  to  be  exposed  in  the  camera  ;  it  is  sensitive  enough  for  views  which  re- 
quire an  exposure  of  ten  minutes  in  the  camera,  but  when  greater  rapidity  is 
required,  as  for  portraits,  &c.,  it  is  further  exposed  to  the  action  of  an  accelt- 
r<Uor,  such  as  bromine  or  hypobromite  of  calcium.  All  the  operations  must 
be  performed  in  a  room  lighted  by  a  candle,  or  by  the  daylight  admitted 
through  yellow  glass,  which  cuts  off  all  chemical  rays.  The  plate  is  preserved 
from  the  action  of  light  by 
placing  it  in  a  small  wooden 
e  provided  with  a  slide  on 

The  third  operation  con- 

n  exposing  the  sensitive 

plate  to  the  action  of  Ught, 

placing  it  in  thai  position  in 

the  camera  where  the  image 

is    produced    with    greatest 

delicacy.     For  photographic 

purposes  a  camera  obscura 

of  peculiar  construction    is 

used.  The  brass  tube  A  (fig. 

533)  contains  an  achromatic 

^^■''  condensing  lens,  which  can 

a  ratkuork  motion,  to  which  is  fitted  a  milled  head 

end  of  the  box  is  a  ground-glass  plate,  E,  which  slides 
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in  a  groove,  li,  in  which  the  case  containing  the  plate  also  fits.  The 
camera  being  placed  in  a  proper  position  before  the  object,  the  sliding  part 
of  the  box  is  adjusted  until  the  image  is  produced  on  the  glass  with  the 
Qtmost  sharpness ;  this  is  the  case  when  the  glass  slide  is  exactly  in  the 
focus.    The  final  adjustment  is  made  by  means  of  the  milled  head  D. 

The  glass  slide  is  then  replaced  by  the  case  containing  the  sensitive  plate ; 
the  slide  which  protects  it  is  raised,  and  the  plate  exposed  for  a  time,  the 
doration  of  which  varies  in  different  cases,  and  can  only  be  hit  exactly 
by  great  practice.     The  plate  is  then  removed  to  a  dark  room.     No  change 
is  perceptible  to  the  eye,  but  those  parts  on  which  the  light  has  acted  have 
acquired  the  property   of  condensing  mercury :  the  plate  is  next  placed 
in  a  box  and  exposed  to  the  action  of  mercurial  vapour  at  60  or  70  degrees. 
The  mercury  is  deposited  on  the  parts  affected,  in  the  form  of  globules 
imperceptible  to  the  naked  eye.    The  shadows,  or  those  parts  on  which 
the  light  has  not  acted,  remain  covered  with  the  layer  of  iodide  of  silver. 
This  is  removed  by  treatment  with  hyposulphite  of  sodium,  which    dis- 
solves iodide  of  silver  without  affecting  the  rest  of  the  plate.     The  plate  is 
Mxt  immersed  in  a  solution  of  chloride  of  gold  in  hyposulphite  of  sodium, 
vhich  dissolves  the  silver,  while  some  gold  combines  with  the  mercury  and 
silver  of  the  parts  attacked,  and  greatly  increases  the  intensity  of  the  lustre. 
Hence  the  light  parts  of  the  image  are  those  on  which  the  mercury  has 
been  deposited,  and  the  shaded  those  on  which  the  metal  has  retained  its 
reflecting  lustre. 

Fig.  534  represents  a  section  of  the  camera  and  the  object-glass.    At  first 
it  consisted  of  a  double  convex  lens,  but  now  double  achromatic  lenses,  L,L', 


Fig.  534. 

are  used  as  object-glasses.  They  act  more  quickly  than  objectives  with  a 
single  lens,  have  a  shorter  focus,  and  can  be  more  easily  focussed  by  moving 
the  lens  \J  by  means  of  the  rack  and  pinion  D. 

609.  VliotofTAplis  on  paper. — In  Daguerre's  process,  which  has  just 
been  described,  the  images  are  produced  directly  on  metal  plates.  With 
paper  and  glass,  photographs  uf  two  kinds  may  be  obtained  :  those  in  which 
an  iniage  is  obtained  with  reversed  tints,  so  that  the  lightest  parts  have  be- 
come the  darkest  on  paper,  and  vice  versA  ;  and  those  in  which  the  lights 
and  shades  are  in  their  natural  position.  The  former  are  called  rtea^ative, 
and  the  \dXX,^x  positive  pictures. 

A  negative  may  be  taken  either  on  glass  or  on  paper  ;  it  serves  to  produce 
a  positive  picture. 


548  On  Light  [809— 

Negatives  en  glass. — A  glass  plate  of  the  proper  size  is  carefully  deane-^ 
and  coated  with  a  uniformly  thick  layer  of  collodion  impregpiated  with  iodi 
of  potassium.  The  plate  is  then  immersed  for  about  a  minute  in  a  bath 
nitrate  of  silver  containing  30  grains  of  the  salts  in  an  ounce  of  water, 
operation  must  be  performed  in  a  dark  room.  The  plate  is  then  remov< 
allowed  to  drain,  and,  when  somewhat  dry,  placed  in  a  closed  flame, 
afterwards  exposed  in  the  camera,  for  a  shorter  time  than  in  the  case  of 
Daguerrotype.  On  removing  the  plate  to  a  dark  room  no  change  is  visibl^a 
but  on  pouring  over  it  a  solution  called  the  developer^  an  image  gradualB 
appears.  The  principal  substances  used  for  developing  are  protosulpha^ 
of  iron  and  pyrogallic  acid.  The  action  of  light  oh  iodide  of  silver  appcF^ 
to  produce  some  molecular  change,  or  else  some  actual  chemical  deceit 
position,  in  virtue  of  which  the  developers  have  the  property  of  reducL  3 
to  the  metallic  state  those  parts  of  the  iodide  of  silver  which  have  been  m^=i: 
acted  upon  by  the  light.  When  the  picture  is  sufficiently  brought  out,  wa  "■ 
is  poured  over  the  plate,  in  order  to  prevent  the  further  action  of  the  d 
loper.  The  parts  on  which  light  has  not  acted  are  still  covered  with  iod 
of  silver,  which  would  be  affected  if  the  plate  were  now  exposed  to  the  lic^ 
It  is,  accordingly,  washed  with  solution  of  hyposulphite  of  sodium,  wh 
dissolves  the  iodide  of  silver  and  leaves  the  image  unaltered.  The  pictu 
then  coated  with  a  thin  layer  of  spirit  varnish,  to  protect  it  from  mechanic  • 
injury. 

When  once  the  negative  is  obtained,  it  may  be  used  for  printing  an 
definite  number  of  positive  pictures.  For  this  purpose  paper  is  impregna—  "^ 
with  chloride  of  silver,  by  immersing  it  first  in  solution  of  nitrate  of  silver  ^^ 
then  in  one  of  chloride  of  sodium  ;  chloride  of  silver  is  thus  formed  on  "^ 
paper  by  double  decomposition.  The  negative  is  placed  on  a  sheet  of  tr"^ 
paper  in  a  copying  frame,  and  exposed  to  the  action  of  light  for  a  cert^^ 
time.  The  chloride  of  silver  becomes  acted  upon — the  light  parts  of 
negative  being  most  affected,  and  the  dark  parts  least  so.  A  copy  is  t 
obtained,  on  which  the  lights  of  the  negative  are  replaced  by  shades, 
inversely.  In  order  to  fix  the  picture  it  is  washed  in  a  solution  of  h>*po 
phite  of  sodium,  which  dissolves  the  unaltered  chloride  of  silver. 
picture  is  afterwards  immersed  in  a  bath  of  chloride  of  gold,  which  giv 
tone. 

610.  Positives  on  fflass. — Very  beautiful  positives  are  obtained  by 
paring  the  plates  as  in  the  preceding  cases  ;  the  exposure  in  the  cam 
however,  is  not  nearly  so  long  as  for  the  negatives.  The  picture  is  t 
developed  by  pouring  over  it  a  solution  of  protosulphite  of  iron,  which  p^-^ 
duces  a  negative  image  ;  and  by  afterwards  pouring  a  solution  of  cyanide  ^ 
potassium  over  the  plate,  this  negative  is  rapidly  converted  into  a  posit  5*'^- 
It  is  then  washed  and  dried,  and  a  coating  of  varnish  poured  over  the  pictur"^ 

611.  PbotogTaplis  on  albamenised  paper  and  fflass. — In  some  cas^* 
paper  impregnated  with  a  solution  of  albumen  containing  iodide  of  potassii/Jii 
is  used  instead  of  collodion,  over  which  it  has  the  advantage  that  it  can  be 
prepared  for  some  time  before  it  is  used,  and  that  it  produces  certain  effects 
in  the  middle  tints.  It  has  the  disadvantage  of  not  being  nearly  so  sensiti^'C 
It  requires,  therefore,  longer  exposure,  and  is  unsuitable  for  portraits,  but  in 
some  cases  can  be  advantageously  used  for  views. 


:.  Stmetore  of  ttte  bunan  eje.— <Tbc  eye  is  th«  organ  nf  vision  ; 
'ttat  is  lo  say,  nf  ihc  phenomenon  by  virtue  of  which  the  light  emitted 
W  reflected  from  bodies  exciies  in  us  the  sensation  which  reveals  their 
I'tresence. 

I'  The  eye  is  placed  in  a  bony  cavity  called  the  orbit ;  it  \%  maintained 
^I  its  position  by  the  muscles  which 
P»e  conjunctiva,  and  the  eyelids. 
pts  SIM  is  much  the  same  in  all 
Ipcrsons  :  it  is  the  varying  aper- 
IWirt  of  the  eyelids  that  makes 
*■«  eye  appear  larger  or  smaller. 

b'''E-  !3S  represents  a  trans- 
le  seciion   of  the  eye  from 
Ic    to    front.      The    genera! 
s  that  of  a  spheroid,  the 
c  of  which  is  greater  in 
rior  than  in  the  posie- 
.    It  is  composed  of  the 
ing  parts  :  the  cornea,  the 
Itrotica,  the  iris,  the  pupH, 
•   aqueous   humour,  the  cryi- 
*iUK€,   the   I'ilnous   body,   the 

TaMii  mttnbranc,  the  choroid,  the  retina,  and  the  dptii  nerve. 
Comea.^The  cornea,  a,  is  a  transparent  membrane  situated  in  front  of 
ball  of  the  eye.  In  shape  it  resembles  a  small  waich-glass,  and  it  fits 
I  the  sclerotica,  i ;  in  fact,  these  membranes  are  so  connected  that  some 
lomists  have  considered  ihem  as  one  and  the  same,  and  have  distin- 
^ishcd  ihcm  by  calling  the  cornea  the  transparent,  and  the  sclerotica  the 

Sclerotica.— The  sclerotica,  /",  or  sclerotic  coal,  is  a  membrane  which, 
|> Vif^her  with  the  cornea,  envelops  all  parts  of  the  eye.  In  front  there  is 
I  M  ibnott  circular  aperture,  into  which  the  cornea  (its  ;  a  perforation  behind 
I  pve»  passage  lo  the  optic  nerve. 

*  is. — The  iris,  d,  is  an  annular,  opaque  diaphragm,  placed  between  the 
a  and  the  crystalline  lens. '  It  constitutes  the  coloured  part  of  the  eye, 
I  *Tu1  is  perforated  by  an  aperture  called  (he  pupil,  which  in  man  is  circular 
'  In  vme  animals,  especially  those  belonging  to  the  genus  Fells,  it  is  r 
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transverse  direction.     It  is  a  contractile  membrane,  and  its  diameter  \\\vx< 

in  the  same  individual  between  0*12  and  0*28  of  an  inch ;  but  these  limits 

may  be  exceeded.     The  luminous  rays  pass  into  the  eye  through  the  pupil 

The  pupil  enlarges  in  darkness,  but  contracts  under  the  influence  of  a  bright 

light.    These  alternations  of  contraction  and  enlargement  take  place  with        |    -:: 

extreme  rapidity ;  they  are  very  frequent,  and  play  an  important  part  in  the       \'^ 

act  of  vision.     The  movements  of  the  iris  are  involuntary.  f  ■■'-^^ 

h  appears  from  this  description  that  the  iris  is  a  screen  with  a  variable 
aperture,  whose  function  is  to  regulate  the  quantity  of  light  which  penetrates 
into  the  eye  ;  for  the  size  of  the  pupil  diminishes  as  the  intensity  of  light 
increases.  The  iris  serves  also  to  correct  the  spherical  aberration,  as  it 
prevents  the  marginal  rays  from  passing  through  the  edges  of  the  crystallioe 
lens.  It  thus  plays  the  same  part  with  reference  to  the  eye  that  a  stop  does 
in  optical  instruments  (558). 

Aqueous  humour. — Between  the  posterior  part  of  the  cornea  and  the 
front  of   the  crystalline  there  is  a  transparent  liquid  called  the  aqueo^ 
humour.     The  space,  ^,  occupied  by  this  humour  is  divided  into  two  pa^^ 
by  the  iris  ;  the  part  ^,  between  the  cornea  and  the  iris,  is  called  the  dii/S^yV'^ 
chamber  \  the  part  r,  which  is  between  the  iris  and  the  crystalline,  is  c3^ 
posterior  chamber. 

Crystalline  lens. — This  is  a  double  convex  transparent  body  placed  i^*' 
mediately  behind  the  iris,  the  inner  margin  of  which  is  in  contact  w"^* 
its  anterior  surface,  though  not  attached  to  it.    The  lens  is  enclosed  ir^-  ^ 
transparent  membrane,  called  its  capsule ;  it  is  less  convex  on  its  anter  -^^^ 
than  on  its  posterior  surface,  and  is  composed  of  almost  concentric  lay^^  ^ 
which  decrease  in  density    and  refi-acting  power  from  the  centre  to 
circumference. 

To  the  anterior  surface  of  the  capsule,  near  its  margin,  is  fixed  a 

transparent  membrane,  which  is  attached  behind  to  the  front  of  the  hyalc:::^^^^ 
membrane,  and  is  known  as  the  suspensory  ligament.     This  ligament  exe  \ 

attraction,  all  round,  on  the  front  surface  of  the  lens,  and  renders  it  h 
convex  than  it  would  otherwise  be,  and  its  relaxation  plays  an  impoi 
part  in  the  adaptation  of  the  eye  for  sight  at  different  distances. 

Vitreous  body.       Hyaloid  membrane. — The  vitreous  body,   or  viti 
humour,  is  a  transparent  mass  resembling  the  white  of  an  eg^^  which  occ 
pies  all  the  part  of  the  ball  of  the  eye,  //,  behind  the  crystalline.  The  vit 
humour  is  surrounded  by  the  hyaloid  tnembrane^  /,  which  lines  the  postei 
face  of  the  crystalline  capsule,  and  also  the  interior  face  of  another  me^ 
brane  called  the  retina. 

Retina.     Optic  net  ve. — The  retina, ;//,  is  a  membrane  which  receives 
impression  of  light,  and  transmits  it  to  the  brain  by  the  inter\'ention  of 
nerve,  //,  called  the  optic  net  ve,  which,  proceeding  from  the  brain,  enters 
eye  from  behind,  rather  to  the  inner  side  of  its  posterior  hemisphere,  a 
extends  over  the  retina  in  the  form  of  a  nervous  network.     The  nerve-fibi 
themselves  are  not  sensitive  to  light,  but  are  only  stimulated  by  it  indircc  '^v 
throuj^h  the  intervention  of  certain  structures  called  the  rods  and  cof^'^^' 
The  rods  are  slender  cylinders  ;  the  cones  or  bulbs  somewhat  thicker  fla=5>*" 
shaped    structures.      All   are  ranged  perpendicular  to  the   surface  of  t^^ 
retina,  closely  packed  together,  so  as  to  form  a  regular  mosaic  layer  behind   '^- 
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Each  rod  is  connected  with  one  of  the  minutest  nerve-fibres,  each  cone  with 
one  somewhat  thicker.  This  layer  of  rods  and  cones  has  been  proved  to  be 
the  really  sensitive  layer  of  the  retina,  the  structure  in  which  alone  the  action 
of  light  is  capable  of  producing  nervous  excitation. 

In  the  retina  is  a  remarkable  spot  which  is  placed  near  its  centre,  a  Httle 
to  the  outer  side,  and  from  its  colour  is  called  the  yellow  spot.  The  retina 
is  here  somewhat  thick,  but  in  the  middle  of  the  yellow  spot  is  found  a 
dq>res5ion,  iS\<^  fovea  centralis^  where  the  retina  is  reduced  to  those  elements 
akme  which  are  absolutely  necessary  for  exact  vision.  This  fovea^  or  pit  of 
tlie  retina,  is  of  great  importance  for  vision,  since  it  is  the  spot  where  the 
most  exact  discrimination  of  distance  is  made.  Only  those  parts  of  the 
retinal  image  which  fall  on  the  yellow  spot  are  sharp,  all  the  rest  are  more 
inaccurate  the  nearer  they  fall  to  the  limits  of  the  retina.  The  field  of  view 
of  the  eye  is  like  a  drawing  the  centre  of  which  is  done  with  great  accuracy 
and  delicacy  while  the  surrounding  part  is  only  roughly  sketched.  Where 
the  optic  nerve  enters  there  are  no  rods  or  cones  ;  this  part  of  the  retina, 
therefore,  is  insensitive  to  light,  and  is  called  the  punctum  cacum. 

The  only  property  of  the  retina  and  optic  nerve  is  that  of  receiving  and 
transmitting  to  the  brain  the  impression  of  objects.  These  organs  have  been 
cut  and  pricked  without  causing  any  pain  to  the  animals  submitted  to  these 
Experiments  ;  but  there  is  reason  to  believe  that  irritation  of  the  optic  nerve 
Causes  the  sensation  of  a  flash  of  light. 

Choroid. — The  choroid,  k^  is  a  membrane  between  the  retina  and  the 
Sclerotica.  It  is  completely  vascular,  and  is  covered  on  the  internal  face 
with  a  black  substance  which  resembles  the  colouring  matter  of  a  negro's 
skin,  and  which  absorbs  all  rays  not  intended  to  co-operate  in  producing 
vision. 

The  choroid  elongates  in  front,  and  forms  a  series  of  convoluted  folds, 
called  ciliary  processes^  which  penetrate  between  the  iris  and  the  crystalline 
Capsule  to  which  they  adhere,  forming  round  it  a  disc,  resembling  a  radiated 
flower.  By  its  vascular  tissue  the  choroid  serves  to  carry  the  blood  into  the 
Ulterior  of  the  eye,  and. especially  to  the  ciliary  processes. 

613.  SefraetlTe  indloes  of  tlie  transparent  media  of  tlie  eye. — The 
■tractive  indices  from  air  into  the  transparent  parts  of  the  eye  were  deter- 
niined  by  Brewster.  His  results  are  contained  in  the  following  table,  com- 
pared with  water  as  a  standard  : — 

Water i*3358 

Aqueous  humour i  '3366 

Vitreous  humour i  '3394 

Exterior  coating  of  the  crystalline i  '3767 

Centre  of  the  crystalline i  '3990 

Mean  refraction  of  the  crystalline i'3^39 

614.  Oarratares  and  dimensions  of  varions  parts  oftbe  liamaneye. 

^Wius  of  curvature  of  the  sclerotica 0*40  to  0*44  in. 

fi  „  cornea 028  to  0*32  „ 

n  „  anterior  face  of  the  crystalline    .  0-28  to  0*40  „ 

),  „  posterior  face  of  the  crystalline  .  0*20  to  0*24  ,^ 
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Diameter  of  the  iris      .        .        .        . 

pupil   .         .         .         . 

crystalline  . 
Thickness  of  the  crystalline . 
Distance  from  the  pupil  to  the  cornea . 
Length  of  the  axis  of  the  eye 


>» 


»> 


>» 


» 


0'44  to  0-48  i 

0*12  to  0*28  , 

040  , 

0-20  , 

0-08 

0-88  to 096 


615.  Patb  of  rays  In  the  eye.— *'From  what  has  been  said  as  to  v^^mat 
structure  of  the  eye,  it  may  be  compared  to  a  camera  obscura  (602),  of  whi  ---^^h 
the  pupil  is  the  aperture,  the  crystalline  is  the  condensing  lens,  and  t^  "Tie 
retina  is  the  screen  on  which  the  image  is  formed.  Hence,  the  effect  is  tn  Tie 
same  as  when  the  image  of  an  object  placed  in  front  of  a  double  convex  1< 
is  formed  at  its  conjugate  focus.  Let  AB  (fig.  536)  be  an  object  pla< 
before  the  eye,  and  let  us  consider  the  rays  emitted  from  any  point  of 
object  A.  Of  all  these  rays,  those  which  are  directed  towards  the  pupil 
the  only  ones  which  penetrate  the  eye,  and  are  operative  in  produc  ^og 
vision.  These  rays,  on  passing  into  the  aqueous  humour,  experience  a  fi  rst 
refraction  which  brings  them  near  the  secondary  axis  Aa,  drawn  throajagh 
the  optic  centre  of  the  crystalline  ;  they  then  traverse  the  crystalline,  wha  ich 
again  refracts  them  like  a  double  convex  lens,  and,  having  cxperiencec3a 


t'»s-  536. 

final  refraction  by  the  vitreous  humour,  they  meet  in  a  point  tf,  and  fo*^^ 
the  image  of  the  point  A.  The  rays  issuing  from  the  point  B  form  in  ^"^^ 
manner  an  image  of  it  at  the  point  ^,  so  that  a  very  small,  real,  and  inver^^  . 
image  is  fonned  exactly  on  the  retina,  provided  the  eye  is  in  its  nors"^^ 
condition.  •  , 

616.  Zn version  of  Imaires. — In  order  to  show  that  the  images  forrr^^^- 
on  the  retina  are  really  inverted,  the  eye  of  an  albino  or  any  animal  ^'"^  . 
pink  eyes  may  be  taken  ;  this  has  the  advantage  that,  as  the  choroicS-     \ 
destitute  of  pigment,  light  can  traverse  it  without  loss.     This  is  then  depri**^^^ 
at  its  posterior  part  of  the  cellular  tissue  surrounding  it,  and  fixed  in  a  Y^^^ 
in  the  shutter  of  a  dark  room  ;  by  means  of  a  lens  it  may  be  seen  that  ^^ 
inverted  images  of  external  objects  are  depicted  on  the  retina. 

The  inversion  of  images  in  the  eye  has  greatly  occupied  both  phy'sici^. 
and  physiologists,  and  many  theories  have  been  proposed  to  explain  ho'v^*''  ' 
is  that  we  do  not  see  inverted  images  of  objects.     The  chief  difficulty  se^*^ 
to  have  arisen  from  the  conception  of  the  mind  or  brain  as  somethii^^ 
behind  the  eye,  looking  into  it,  and  seeing  the  image  upon  the  reti^^  ' 
whereas  really  this  image  simply  causes  a  stimulation  of  the  optic  ner*'5' 
which  produces  some  molecular  change  in  some  part  of  the  brain  ;  and  if  '^ 
only  of  this  change,  and  not  of  the  image  as  such,  that  we  have  any  coti' 
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nousness.  The  mind  has  thus  no  direct  cognisance  of  the  image  upon  the 
(tina,  nor  of  the  relative  positions  of  its  parts,  and,  sight  being  supple- 
tented  by  touch  in  innumerable  cases,  it  learns  from  the  first  to  associate 
le  sensations  brought  about  by  the  stimulation  of  the  retina  (although  due 
\  an  inverted  image)  with  the  correct  position  of  the  object  as  taught  by 
mch. 

617.  Optlo  axis,  optio  anffle*  ▼isiial  aiiffle. — The  principal  optic  axis 
f  an  eye  is  the  axis  of  its  figure  ;  that  is  to  say,  the  straight  line  in  reference 
» which  it  is  symmetrical.  In  a  well-shaped  eye  it  is  the  straight  line 
assing  through  the  centre  of  the  pupil  and  of  the  crystalline,  such  as  the 
ne  Oo  (fig.  536).  The  lines  ha,  B^,  which  nre  almost  rectilinear,  are 
econdary  axes.  The  eye  sees  objects  most  distinctly  in  the  direction  of  the 
principal  optic  axis. 


Fig.  537. 

The  optic  an^le  is  the  angle  BAC  (fig.  537),  formed  between  the 
;>rincipal  optic  axis  of  the  two  eyes  when  they  are  directed  towards  the 
^aunc  point.  This  angle  is  smaller  in  proportion  as  the  objects  are  more 
iistant. 

The  visual  angle  is  the  angle  AOB  (fig.  538),  under  which  an  object  is 
•^en ;  that  is  to  say,  the  angle  formed  by  the  secondary  axes  drawn  from 
l*c  optic  centre  of  the  crystalline  to  the  opposite  extremities  of  the  object. 
'  or  the  same  distance,  this  angle  increases  with  the  magnitude  of  the 
►bject,  and  for  the  same  object  it  decreases  as  the  distance  increases,  as  is 


FiR.  538- 

he  case  when  the  object  passes  from  AB  to  A'B'.  It  follows,  therefore, 
■^  objects  appear  smaller  in  proportion  as  they  are  more  distant  ;  for  as 
■^secondary  axes,  AO,  BO,  cross  in  the  centre  of  the  crystalline,  the  size 
•^thc  image  projected  on  the  retina  depends  on  the  size  of  the  visual  angle 
VOB. 

618.  ■stimatton  of  tlie  distance  and  sise  of  objects. — The  estimation 
*f  distance  and  of  size  depends  on  numerous  circumstances  ;  these  are— the 
^i«ial  angle,  the  optic  angle,  the  comparison  with  objects  whose  size  is 
'Miliar  to  us ;  to  these  must  be  added  the  effect  of  what  is  called  aerial 
P^spective ;  that  is,  a  more  or  less  vaporous  medium  which  ecvsKtOM^^  \\\& 
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distant  objects,  and  thereby  diminishes  not  only  the  sharpness  of  the  ou 
lines,  but  also  softens  the  contrast  between  light  and  shade,  which  close 
hand  are  marked. 

When  the  size  of  an  object  is  known,  as  the  figure  of  a  man,  the  heig 
of  a  tree  or  of  a  house,  the  distance  is  estimated  by  the  magnitude  of  tl 
visual  angle  under  which  it  is  seen.  If  its  size  is  unknown,  it  is  judgi 
relatively  to  that  of  objects  which  surround  it. 

A  colonnade,  an  avenue  of  trees,  the  gas-lights  on  the  side  of  a  roa 
appear  to  diminish  in  size  in  proportion  as  their  distance  increases,  becau 
the  visual  angle  decreases  ;  but  the  habit  of  seeing  the  columns,  trees,  & 
in  their  proper  height,  leads  our  judgment  to  rectify  the  impression  produc 
by  vision.  Similarly,  although  distant  mountains  are  seen  under  a  ve 
small  angle,  and  occupy  but  a  small  space  in  the  field  of  view,  our  familiari 
with  the  effects  of  aerial  perspective  enables  us  to  form  a  correct  idea 
their  real  magnitude. 

The  optic  angle  is  also  an  essential  element  in  appreciating  distant 
Since  this  angle  increases  or  diminishes  according  as  objects  approach 
recede,  we  move  our  eyes  so  as  to  make  their  optic  axes  converge  towar 
the  object  which  we  are  looking  at,  and  thus  obtain  an  idea  of  its  distan( 
Nevertheless,  it  is  only  by  long  custom  that  we  can  establish  a  relati< 
between  our  distance  from  the  objects,  and  the  corresponding  motion  of  t 
eyes.  It  is  a  curious  fact  that  persons  born  blind,  and  whose  sight  has  b© 
restored  by  the  operation  for  cataract,  imagine  at  first  that  all  objects  are 
the  same  distance. 

Vertical  distances  are  estimated  too  low  compared  with  horizontal  one 
on  high  mountains  and  over  large  surfaces  of  water,  distances  are  estimat 
too  low  owing  to  the  want  of  intervening  objects.  A  room  filled  with  fun 
ture  appears  larger  than  an  empty  room  of  the  same  size. 

We  cannot  recognise  the  true  form  of  €in  object  if,  with  moderate  ill 
mination,  the  visual  angle  is  less  than  half  a  minute.  A  while  square, 
metre  in  the  side,  appears  at  a  distance  of  about  5  miles  under  this  ang 
as  a  bright  spot  which  can  scarcely  be  distinguished  from  a  circle  of  tl 
same  size. 

A  ver>'  bright  object,  however,  such  as  an  incandescent  platinum  wire, 
seen  in  a  dark  ground  under  an  angle  of  2  seconds.  So  too  a  small  da 
object  is  seen  against  a  bright  ground  ;  thus  a  hair  held  against  the  sky  c 
be  seen  at  a  distance  of  i  or  2  metres. 

619.  Bistanoe  of  distinct  Tislon.— The  distance  of  distinct  vision^ 
already  stated,  is  the  distance  at  which  objects  must  be  placed  so  as  to  ' 
seen  with  the  greatest  distinctness.     It  varies  in  different  individuals,  and 
the  same  individual  it  is  often  different  in  the  two  eyes.     For  small  objec 
such  as  print,  it  is  from  10  to  12  inches  in  normal  cases. 

In  order  to  obtain  an  approximate  measurement  of  the  least  distance 
distinct  vision,  two  small  parallel  slits  arc  made  in  a  card  at  a  distance 
003  of  an  inch.  These  apertures  are  held  close  before  the  eye,  ai 
when  a  fine  slit  in  another  card  is  held  very  near  them,  the  slit  is  sc 
double,  because  the  rays  of  light  which  have  traversed  both  apertures  do  n 
intersect  each  other  on  the  retina,  but  behind  it.  But,  if  the  hitter  card 
gradually  removed,  the  distance  is  ultimately  reached  at  which  both  imag 
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coincide  and  form  one  distinct  image.  This  is  the  distance  of  distinct 
vision.  Stampfer  constructed  an  optometer  on  the  principle  of  this  experi- 
ment, which  is  known  as  Scheiner's  experiment. 

Persons  who  see  distinctly  only  at  a  very  short  distance  are  called 
myoptic^  or  skort-sightedy  and  those  who  see  only  at  a  long  distance  are 
fresbyoptic^  or  long-sighted  (629). 

Sharpness  of  sight  may  be  compared  by  reference  to  that  of  a  normal 
e)'e  taken  as  a  unit  Such  a  standard  eye,  according  to  Snellen,  recog- 
nises quadrangular  letters  when  they  are  seen  under  an  angle  of  5' ;  if,  for 
instance,  such  letters  are  15""  high  at  a  distance  of  10  metres.  The  sharp- 
ness of  vision  of  one  who  recognises  these  letters  at  a  distance  of  3  metres 

is  then -i. 
10 

62a  Aocommodatioii. —  By  this  term  is  meant  the  changes  which  occur 
in  the  eye  to  fit  it  for  seeing  distinctly  objects  at  different  distances  from  it. 

If  the  eye  be  supposed  fixed  and  its  parts  immovable,  it  is  evident  that 
there  could  only  be  one  surface  whose  image  would  fall  exactly  upon  the 
wina ;  the  distance  of  this  surface  from  the  eye  being  dependent  on  the 
f^ractive  indices  of  the  media  and  the  curvatures  of  the  refracting  surfaces 
of  the  eye.  The  image  of  any  point  nearer  the  eye  than  this  distinctly  seen 
surface  would  fall  behind  the  retina  ;  the  image  of  any  more  distant  point 
*ould  be  formed  in  front  of  it ;  in  each  case  the  section  of  a  luminous  cone 
*"ould  be  perceived  instead  of  the  image  of  the  point,  and  the  latter  would 
appear  diffused  and  indistinct. 

Experience,  however,  shows  us  that  a  normal  eye  can  see  distinct  images 
of  objects  at  very  different  distances.     We  can,  for  example,  see  a  distant 
tree  through  a  window,  and  also  a  scratch  on  the  pane,  though  not  both  dis- 
tinctly at  the  same  moment ;  for  when  the  eye  is  arranged  to  see  one  clearly, 
the  image  of  the  other  does  not  fall  accurately  upon  the  retina.     An  eye 
completely  at  rest  seems  adapted  for  seeing  distant  objects  ;  the  sense  of 
^ort  is  greater  in  a  normal  eye  when  a  near  object  is  looked  at,  after  a 
distant  one,  than  in  the  reverse  case  ;  and  in  paralysis  of  the  nerves  govern- 
ing the  accommodating  apparatus,  the  eye  is  persistently  adapted  for  distant 
sight    There  must,  therefore,  be  some  mechanism  in  the  eye  by  which  it 
can  be  voluntarily  altered,  so  that  the  more  divergent  rays  proceeding  from 
near  objects  shall  come  to  a  focus  upon  the  retina.     There  are  several  con- 
ceivable methods  by  which  this  might  be  effected ;  it  is  actually  brought 
about  by  a  drawing  forwards  of  the  crystalline  lens  and  a  greater  convexity 
of  its  front  surface. 

This  is  shown  by  the  following  experiment : — If  a  candle  be  placed  on  one 
side  of  the  eye  of  a  person  looking  at  a  distant  object,  and  his  eye  be  observed 
from  the  other  side,  three  distinct  images  of  the  flame  will  be  seen  ;  the  first, 
^nrtual  and  erect,  is  reflected  from  the  anterior  surface  of  the  cornea ;  the 
next,  erect  and  less  bright,  is  reflected  from  the  anterior  surface  of  the  lens  ; 
the  third,  inverted  and  brilliant,  is  formed  on  the  posterior  surface  of  the  lens. 
If  now  the  person  look  at  a  near  object,  no  change  is  observed  in  the  first 
and  third  images,  but  the  second  image  becomes  smaller  and  approaches  the 
first ;  which  shows  that  the  anterior  surface  of  the  crystalline  lens  becomes 
more  convex  and  approaches  the  cornea.     In  place  of  the  cat\d\e,  \\e\TV>>wAvi 
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throws  light  through  two  holes  in  the  screen  upon  the  eye,  and  observes  th 
distance  on  the  eye  between  the  two  shining  points,  instead  of  the  size  of  th 
fiame  of  the  candle. 

This  change  in  the  lens  is  effected  chiefly  by  means  of  a  circular  musci 
(ciliary  muscle),  the  contraction  of  which  relaxes  the  suspensory  ligamen 
and  so  allows  the  front  surface  of  the  lens  to  assume  more  or  less  of  th 
greater  convexity  which  it  would  normally  exhibit  were  it  not  for  the  dr 
exercised  upon  it  by  the  ligament.     Certain  other  less  important  chang 
occur,  tending  to  make  the  lens  more  convex  and  to  push  it  forwards,  whi 
cannot,  however,  be  explained  without  entering  into  minute  anatomic 
details.    When  the  eye  is  accommodated  for  near  vision,  the  pupil  contrac 
and  so  partially  remedies  the  greater  spherical  aberration. 

The   range  of  accommodation^  called  by  Donders  -,  is  measured  by 

A 

first  of  all  determining  the  greatest   distance,  R,  at  which   a  person  ^  an 

read  without  spectacles,  and  then  the  smallest,  P,  at  which  he  can  so  rea d ; 

*u  III 

then  ^»p--. 

621.  Binocular  tUIoii. — A   single  eye  sees  most  distinctly  any  p 
situated  on  its  optical  axis,  and  less  distinctly  other  points  also,  towa 
which  it  is  not  directly  looking,  but  which  are  still  within  its  circle  of  visi 

It  is  able  to  judge  of  the  direction  of  any  such  point,  but  unable  by  it 
to  estimate  its  distance.  Of  the  distance  of  an  object  it  may,  indeed,  le 
to  judge  by  such  criteria  as  loss  of  colour,  indistinctness  of  outline,  decre 
in  magnitude,  &c. ;  but  if  the  object  is  near,  the  single  eye  is  not  infalli 
even  with  these  aids. 

When  the  two  eyes  are  directed  upon  a  single  point,  we  then  gain  y^^ 

power  of  judging  of  its  distance  as  compared  with  that  of  any  other  po  '^^}'' 
and  this  we  seem  to  gain  by  the  sense  of  greater  or  less  effort  requirec^^^  *" 
causing  the  optical  axis  to  converge  upon  the  one  point  or  upon  the  oth"  ^f.^' 
Now  a  solid  object  maybe  regarded  as  composed  of  points  which  are  at 
ferent  distances  from  the  eye.  Hence,  in  looking  at  such  an  object,  the 
of  the  two  eyes  are  rapidly  and  insensibly  var>'^ing  their  angle  of  converge 
and  we  as  rapidly  are  gaining  experience  of  the  difference  in  distance  of 
various  points  of  which  the  object  is  composed,  or,  in  other  words,  an  as 
ance  of  its  solidity.  Such  kind  of  assurance  is  necessarily  unattainabl 
monocular  vision. 

622.  Tlie  principle  of  tbe  stereoscope. — Let  any  solid  object,  such  £=-*■' 
small*  box,  be  supposed  to  be  held  at  some  short  distance  in  front  of  the  ^^^ 
eyes.     On  whaievcr  point  of  it  they  are  fixed,  they  will  see  that  point  ^ 
most  distinctly,  and  other  points  more  or  less  clearly.     But  it  is  evident  t          "^^' 
as  the  two  eyes  see  from  different  points  of  view,  there  will  be  formed  in           ^"^ 
right  eye  a  picture  of  the  object  different  from  that  formed  in  the  left ;           ^ 
it  is  by  the  apparent  union  of  these  two  dissimilar  pictures  that  we  see^       ^'^^ 

object  in  relief.     If,  therefore,  we  delineate  the  object,  first  as  seen  b>' '. 

right  eye,  and  then  as  seen  by  the  left,  and  afterwards  present  these         ^'^' 
similar  pictures  again  to  the  eyes,  taking  care  to  present  to  each  eye      "^"^^ 
picture  which  was  drawn  from  its  point  of  view,  there  would  seem  to  b  ^^^ 
reason  why  we  should  not  see  a  representation  of  the  object,  as  we  saw    ^^^ 
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ct  itself,  in  relief.  Experiment  confirms  the  supposition.  If  the  object 
I  before  the  eyes  were  a  truncated  pyramid,  r,  and  /,  fig.  539,  would  re- 
ent  its  principal  lines,  as  seen  by  the  right  and  left  eyes  respectively.  If 
id  be  held  between  the  figures,  and  they  are  steadily  looked  at,  r  by  the 
K  eye,  and  /  simultaneously  by  the  left,  for  a  few  seconds,  there  will 


I  r 


Fig.  539. 

seen  a  single  picture  having  the  unmistakable  appearance  of  relief 
n  without  a  card  interposed,  the  eye,  by  a  little  practice,  may  soon  be 
;ht  so  to  combine  the  two  as  to  form  this  solid  picture.  Three  pictures 
in  that  case  be  seen,  the  central  being  solid,  and  the  two  outside  ones 
*€•  fig.  540  will  explain  this.  Let  r  and  /  be  any  two  correspond- 
points,  say  the  points  marked  by  a  large  dot 
le  figures  drawn  above  ;  R  and  L  the  positions 
ic  right  and  left  eyes  ;  then  the  right  eye  sees 
point  r  in  the  direction  R^,  and  the  left  eye  the 
t  /  in  the  direction  L^,  and  accordingly  each 
tsclf  judging  only  by  the  direction,  they  together 
these  two  points  as  one,  and  imagine  it  to  be 
itcd  at  o.  But  the  right  eye,  though  looking 
ic  direction  Rr,  also  receives  an  image  of  /  on 
;hcr  part  of  the  retina,  and  the  left  eye  in  the 
e  way  an  image  of  r,  and  thus  three  images 
seen.  A  card,  however,  placed  in  the  position 
ked  by  the  dotted  line  will,  of  course,  cut  off 
two  side  pictures.  To  assist  the  eye  in  com- 
Qg  such  pairs  of  dissimilar  pictures,  both 
Tors  and  lenses  have  been  made  use  of,  and  the 
ruments  in  which  either  of  these  are  adapted 
lis  end  are  called  stereoscopes. 

Yiy.  Tlie  refleotlnr  stereoscope. —  In  the  reflecting  stereoscope  plane 
t)rs  are  used  to  change  the  apparent  position  of  the  pictures,  so  that  they 
both  seen  in  the  same  direction,  and  their  combination  by  the  eye  is 
rendered  easy  and  almost  inevitable.  M  ab^  ab  (fig.  541)  are  two  plane 
"ors  inclined  to  one  another  at  an  angle  of  90°,  the  two  arrows,  x^y^  would 
I  be  seen  by  the  eyes  situated  at  R  and  L  in  the  position  marked  by  the 
ed  arrow.  If,  instead  of  the  arrows,  we  now  substitute  such  a  pair  of 
iroilar  pictures  as  we  have  spoken  of  above,  of  the  same  solid  object,  it 
rident  that,  if  the  margins  of  the  pictures  coincide,  other  correspondiu^ 
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points  of  the  pictures  will  not.  The  eyes,  however,  almost  without  effort, 
soon  bring  such  points  into  coincidence,  and  in  so  doing  make  them  appear 
to  recede  or  advance,  as  they  are  farther  apart  or  nearer  together  than  any 
two  corresponding  points  (the  right-hand  comer,  for  instance)  of  the  margins 
when  the  pictures  are  placed  side  by  side,  as  in  the  diagram  fig.  541.  It  will 
be  plain,  also,  on  considering  the  position  for  the  arrows  in  fig.  541,  that  to 
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Fig.  541. 


adapt  such  figures  as  those  in  fig.  540  for  use  in  a  reflecting  stereoscope 
one  of  them  niust  be  reversed,  or  drawn  as  it  would  be  seen  through  the 
paper  if  held  up  to  the  light. 

624.  Tlie  renraotinr  stereoscope. — Since  the  rays  passing  through  a 
convex  lens  are  bent  cilways  towards  the  thicker  part  of  the  lens,  any  seg- 
ment of  such  a  lens  may  be  readily  adapted  to  change  the  apparent  position 
of  any  object  seen  through  it.  Thus,  if  (fig.  542)  two  segments  be  cut  from 
a  double  convex  lens,  and  placed  with  their  edges  together,  the  arrows,  4-,^, 
would  both  be  seen  in  the  position  of  the  dotted  aiTow  by  the  eyes  at  R  and  L. 
If  we  substitute  for  the  arrows  two  dissimilar  pictures  of  the  same  solid 
object,  or  the  same  landscape,  we  shall  then,  if  a  diaphragm,  ad,  be  placed 
between  the  lenses  to  prevent  the  pictures  being  seen  crosswise  by  the  eyes, 
see  but  one  picture,  and  that  apparently  in  the  centre,  and  magnified.  As 
before,  if  the  margins  are  brought  by  the  power  of  the  lenses  to  coincide, 

other  corresponding  points  will  not  be  coincident 
until  combined  by  an  almost  insensible  effort  of  the 
eyes.  Any  pair  of  corresponding  points  which  are 
farther  apart  than  any  other  pair  will  then  be  seen 
farther  back  in  the  picture,  just  as  any  point  in  the 
background  of  a  landscape  would  be  found  (if  we 
came  to  compare  two  pictures  of  the  landscape,  one 
drawn  by  the  right  eye,  and  the  other  by  the  left)  to 
be  represented  by  two  points  farther  apart  from  one 
another  than  two  others  which  represented  a  point  in 
the  foreground. 

It  will  be  instructive  to  notice  that  there  is  also  a 
second  point  on  Ms  side  of  the  paper,  at  which,  if  a 
person   look   steadily,   the  diagrams   in  fig.  543  will 
ombine,  and  form  quite  a  different  stereoscopic  picture.     Instead  of  a  solid 
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pyramid,  a  hollow  pyramidal  box  will  then  be  seen.  The  point  may 
easily  be  found  by  experiment.  Here  again  two  external  images  will  also 
be  seen.  If  we  wish  to  shut  these  out,  and  see  only  their  central  stereo- 
scopic combination,  we  must  use  a  diaphragm  of  paper  held  parallel  to  the 
plane  of  the  picture  with  a  square  hole  in  it.  This  paper  screen  must  be  so 
adjusted  that  it  may  conceal  the  right-hand  figure  from  the  left  eye,  and  the 
left-hand  figure  from  the  right  eye,  while  the  central  stereoscopic  picture 
may  be  seen  through  the  hole.  It  will  be  plain  from  the  diagram  that  o 
is  the  point  to  which  the  eyes  must  be  directed,  and  at  which  they  will 
imagine  the  point  to  be  situated,  which  is  formed  by  the  combination  of  the 
two  points  r  and  /.  The  dotted  line  shows  the  position  of  the  screen.  A 
stereoscope  with  or  without  lenses  may  easily  be  constructed,  which  will 
thus  give  us,  with  the  ordinary  stereoscopic  slides,  a  reversed  picture  ;  for 
instance,  if  the  subject  be  a  landscape,  the  foreground  will  retire  and  the 
background  come  forward. 

When  the  two  retinas  view  simultaneously  two  different  colours,  the  im- 
pression produced  is  that  of  a  single  mixed  tint.  The  power,  however,  of 
combining  the  two  tints  into  a  single  one  varies  in  different  individuals,  and 
in  some  is  extremely  weak.  If  two  white  discs  at  the  base  of  the  stereoscope 
be  illuminated  by  two  pencils  of  complementary  colours,  and  if  each  coloured 
disc  be  looked  at  with  one  eye,  a  single  white  one  is  seen,  showing  that  the 
sensation  of  white  light  may  arise  from  two  complementary  and  simultaneous 
chromatic  impressions  on  each  of  the  two  retinas. 

Dove  states  that  if  a  piece  of  printing  and  a  copy  are  placed  in  the  stereo- 
scope, a  difference  in  the  distance  of  the  words,  which  is  not  apparent  to 
the  naked  eye,  causes  them  to  stand  out  from  the  plane  of  the  paper. 

625.  Versistenoe  of  Impressions  on  tlie  retina. — When  an  ignited 
piece  of  charcoal  is  rapidly  rotated,  we  cannot  distinguish  it ;  the  appearance 
of  a  circle  of  fire  is  produced;  similarly,  rain,  in  falling  drops,  appears  in 
the  air  like  a  series  of  liquid  threads.  In  a  rapidly  rotating  toothed  wheel 
the  individual  teeth  cannot  be  seen.  But  if,  during  darkness,  the  wheel  be 
suddenly  illuminated,  as  by  the  electric  spark,  the  individual  parts  may  be 
clearly  made  out.  The  following  experiment  is  a  further  illustration  of  this 
property  : — A  series  of  equal  sectors  are  traced  on  a  disc  of  glass,  and  they 
arc  alternately  blackened  ;  in  the  centre  there  is  a  pivot,  on  which  a  second 
disc  is  fixed  of  the  same  dimensions  as  the  first,  but  completely  blackened 
with  the  exception  of  a  single  sector  ;  then  placing  the  apparatus  between  a 
window  and  the  eye,  the  second  disc  is  made  to  rotate.  If  the  movement  is 
slow,  all  the  transparent  sectors  are  seen,  but  only  one  at  a  time  ;  by  a 
more  rapid  rotation  we  see  simultaneously  two,  three,  or  a  greater  number. 
These  various  appearances  are  due  to  the  fact  that  the  impression  of  these 
images  on  the  retina  remains  for  some  time  after  the  object  which  has  pro- 
duced them  has  disappeared  or  become  displaced.  The  duration  of  the 
persistence  varies  with  the  sensitiveness  of  the  retina  and  the  intensity  of 
light. 

Plateau  investigated  the  duration  of  the  impression  by  numerous  similar 
methods,  and  has  found  that  it  is  on  the  average  half  a  second.  Among 
many  curious  mstances  of  these  phenomena,  the  following  is  one  of  the  most 
remarkable.     If,  after  having  looked  at  a  brightly  illuminated  window^  th^ 
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eyes  are  suddenly  closed,  the  imape  remains  for  a  few  instants — that  is,  a 
sashwork  is  seen  consisting  of  luminous  panes  surrounded  by  dark  frames  ; 
after  a  few  seconds  the  colours  become  interchanged,  the  same  framework  is 
now  seen,  but  the  frames  are  now  bright,  and  the  glasses  are  perfectly  black  ; 
this  new  appearance  may  again  revert  to  its  original  appearance. 

The  impression  of  colours  remains  as  well  as  that  of  the  form  of  objects  ; 
for  if  circles  divided  into  sectors  are  painted  in  different  colours,  they  be- 
come confounded,  and  give  the  sensation  of  the  colour  which  would  result 
from  their  mixture.  Yellow  and  red  give  orange ;  blue  and  red  violet ;  the 
seven  colours  of  the  spectrum  give  white,  as  shown  in  Newton's  disc  (fig. 
486).  This  is  a  convenient  method  of  studying  the  tints  produced  by  mixed 
colours. 

A  great  number  of  pieces  of  apparatus  are  founded  on  the  persistence 
of  sensation  on  the  retina,  such  are  the  thaumatropc^  the  phenakistoscope^ 
Faraday's  wheels  the  kaleidophone^  and  the  zoetrope. 

The  zoetrope^  or  ivheelof  Hfe^  is  very  convenient  for  representing  a  number 
of  optical,  acoustical,  and  other  vibratory  motions.  It  consists  of  an  open 
cylinder  which  can  be  rotated  about  its  vertical  axis.  At  the  top  are  a 
number  of  vertical  slits.  If  now  the  various  positions  of  a  vibrating  pendu- 
lum, for  instance,  are  drawn  on  a  narrow  strip  of  paper,  the  length  of  which 
is  equal  to  the  circumference,  and  this  is  placed  inside  the  cylinder,  when 
the  wheel  is  rapidly  rotated,  on  looking  through  the  slit  the  pendulum  seems 
as  if  it  was  steadily  vibrating. 

626.  Accidental  Images. — When  a  coloured  object  placed  upon  a  black 
ground  is  steadily  looked  at  for  some  tiflie,  the  eye  is  soon  tired,  and  the 
intensity  of  the  colour  enfeebled  ;  if  now  the  eyes  are  directed  towards 
a  white  sheet,  or  to  the  ceiling,  an  image  will  be  seen  of  the  same  shape  as 
the  object,  but  of  the  complementary  colour  (570) ;  that  is,  such  a  one  as 
united  to  that  of  the  object  would  form  white.  For  a  green  object  the  image 
will  be  red  ;  if  the  object  is  yellow,  the  image  will  be  violet. 

Accidental  colours  are  of  longer  duration  in  proportion  as  the  object  has 
been  more  brillian'Jy  illuminated,  and  the  object  has  been  longer  looked  at. 
When  a  lighted  candle  has  been  looked  at  for  some  time,  and  the  eyes  are 
turned  towards  a  dark  part  of  the  room,  the  appearance  of  the  flame  remains, 
but  it  gradually  changes  colour  ;  it  is  first  yellow,  then  it  passes  through 
orange  to  red,  from  red  through  violet  to  greenish  blue,  which  is  gradually 
feebler  until  it  disappears.  If  the  eye  which  has  been  looking  at  the  light  be 
turned  towards  a  white  wall,  the  colours  follow  almost  the  opposite  direction  : 
there  is  first  a  dark  picture  on  a  white  ground,  which  gradually  changes  into 
blue,  is  then  successively  green  and  yellow,  and  ultimately  cannot  be  distin- 
guished from  a  white  ground. 

The  reason  of  this  phenomenon  is,  doubtless,  to  be  sought  in  the  fact 
that  the  subsequent  action  of  light  on  the  retina  is  not  of  equal  duration  for 
all  colours,  and  that  the  decrease  in  the  intensity  of  the  subsequent  action 
does  not  follow  the  same  law  for  all  colours.  According  to  Kiilp,  the  dura- 
tions of  the  after-image  with  moderate  illumination  are  for  white,  yellow, 
red,  and  blue,  01,  009,  008,  and  0066  of  a  second  respectively. 

627.  Zrradlatton. — This  is  a  phenomenon  in  virtue  of  which  white  objects, 
or  those  of  a  very  bright  colour,  when  seen  on  a  dark  ground,  appear  larger 
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Ihan  Ihcy  really  are.  Thus  a  white  square  upon  a  black  ground  ? 
larRcr  than  an  exactly  equal  black  square  upon  a  while  ground  (fig.  544)- 
Irraciiation  arises  from  the  fact  ihat  ihe  impression  pro- 
duced on  ihe  retina  extends  beyond  the  outline  of  the 
ima);e.  Il  bears  the  same  relation  to  the  space  occupied 
hy  the  image,  ihat  the  duration  of  the  impression  does  lo 
ihe  time  during  which  the  image  is  seen. 

The  effect  of  irradiation  is  very  perceptible  in  the  appa- 
rent magnitude  of  stars,  which  may  thus  appear  much 
lat|^r  ihan  (hey  really  are  ;  also  in  the  appearance  of  the 
moon  when  iwo  or  three  days  old,  the  brighlly  illuminated 
crescent  seeming  to  extend  beyond  the  darker  portion  of 
ihe  disc,  nnd  hotil  it  in  its  ^'rasp. 

Plateau  found  that  irradiation  differs  very  much  in  kIk  5., 

dificrent  people,  and  even  in  the  same  person  it  dilTers 
on  difTcreni  days.     He  also  found  that  irradiation  increases  with  the  lustre 
of  the  object,  and   the  length  of  time  during  which  it  is  viewed,     It  mani- 
fests itself  at  all  distances  ;  diverging  lenses  increase  and  condensing  lenses 
diminish  it. 

Accidental  lia/ofs  are  ihe  colours  whidi,  instead  of  succeeding  the  im- 
pression of  an  object  like  accidental  colours,  appear  round  the  object  itself 
when  it  is  looked  at  fixedly.  The  impression  of  the  halo  is  Ihe  opposite  to 
that  of  the  object :  if  the  object  is  bright  the  halo  is  dark,  and  j'/i'f  vtrsd. 
These  appearances  are  best  produced  in  the  following  manner  ; — A  white 
Mirfece,  such  as  a  sheet  of  paper,  is  illuminated  by  coloured  light,  and  a 
naiTDW  opaque  body  held  so  as  to  cut  otT  some  of  the  coloured  rays.  In 
this  manner  a  narrow  shadow  is  obtained  which  is  illuminated  by  the  sur- 
rounding white  daylight,  and  appears  complementarj'  to  the  coloured  ground. 
If  red  glass  is  used,  the  shadow  appears  green,  and  blue  when  a  yellow 
cUfs  is  used. 

The  contrast  of  colours  is  a  reciprocal  action  exerted  between  Iwo  adja- 
cent coloure,  and  in  virtue  of  which  to  each  one  is  added  the  complementary 
tuloui  of  the  other,  Chevreul  found  that  when  red  and  yellow  colours  are 
adj«ceni,  red  acquires  a  violet  and  yellow  an  orange  tint.  If  the  experiment 
is  m«de  with  red  and  blue,  the  former  acquires  a  yellow,  and  the  latter  a 
green  tint :  with  yellow  and  blue,  yellow  passes  to  orange,  and  blue  towards 
indigo  :  and  so  on  for  a  vast  number  of  combinations.  The  importance  of 
this  phenomenon  in  its  application  to  the  manufacture  of  coloured  cloths, 
cu-pels,  curtains,  &c,,  may  be  readily  conceived. 

628.  Sh*  Aye  la  not  koiiri>m»Uo> — It  had  long  been  supposed  that  the 
human  eye  w.-is  perfectly  achromatic  ;  but  this  is  clearly  impossible,  as  all 
the  refractions  are  made  the  same  way.vii.  towards  the  axis  ;  moreover,  the 
erperiincnts  of  Wollasion,  of  Young,  of  Fraunhofer,  and  of  Miiller,  have 
thown  ihat  it  was  not  true  in  any  absolute  sense. 

Fraunhofer  showed  that  in  a  telescope  with  two  lenses,  a  very  fine  wire 
[daced  inside  the  instrument  in  the  focus  of  the  object-glass  is  seen  distinctly 
through  the  eyepiece,  when  the  telescope  is  illuminated  with  red  light :  but 
tt  is  invisible  by  violet  light  even  when  the  eyepiece  is  in  the  same  position. 
In  order  lo  see  the  wire  again,  the  distance  of  the  lenses  must  be  diminished 
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to  a  far  greater  extent  than  would  correspond  to  the  degree  of  refirangibility 
of  violet  light  in  glass.  In  this  case,  therefore,  the  effect  must  be  due  to  a 
chromatic  aberration  in  the  eye. 

Miiller,  on  looking  at  a  white  disc  on  a  dark  ground,  found  that  the  image 
is  sharp  when  the  eye  is  accommodated  to  the  distance  of  the  disc — that  is, 
when  the  image  forms  on  the  retina  ;  but  he  found  that,  if  the  image  is  formed 
in  front  of  or  behind  the  retina,  the  disc  appears  surrounded  by  a  very  nar- 
row blue  edjje.  If  a  finger  be  held  up  in  front  of  one  eye  (the  other  being 
closed)  in  such  a  manner  as  to  allow  the  light  to  enter  only  one-half  of  the 
pupil,  and,  of  course,  obliquely,  and  the  eye  be  then  directed  to  any  well- 
defined  line  of  light,  such  as  a  slit  in  the  shutter  of  a  darkened  room,  or 
a  strip  of  white  paper  on  a  black  ground,  this  line  of  light  will  appear  as  a 
complete  spectrum. 

M tiller  concluded  from  these  experiments  that  the  eye  is  sensibly  achro- 
matic as  long  as  the  image  is  received  at  the  focal  distance,  or  when  it  is 
accommodated  to  the  distance  of  the  object.  The  cause  of  this  apparent 
achromatism  cannot  be  exactly  stated.  It  has  generally  been  attributed  to 
the  tenuity  of  the  luminous  beams  which  pass  through  the  pupillary  aperture, 
and  that  these  unequally  refrangible  rays,  meeting  the  surfaces  of  the  media 
of  the  eye  almost  at  the  normal  incidence,  are  very  little  refracted,  from 
which  it  follows  that  the  chromatic  aberration  is  imperceptible  (584). 

Spherical  aberration,  as  we  have  already  seen,  is  corrected  by  the  iris 
(612).  The  iris  is,  in  point  of  fact,  a  diaphragm,  which  stops  the  marginal 
rays,  and  only  allows  those  to  pass  which  are  near  the  axis. 

629.  Sliort  slffbt  and  lonr  slffbt  ;  myopy  and  presbytism. — The  most 
usual  affections  of  the  eye  are  inyopy  and  presbytism^  or  short  sight  and  long 
sight.  Short  sight  is  the  habitual  accommodation  of  the  eyes  for  a  distance 
less  than  that  of  ordinar>'  vision,  so  that  persons  affected  in  this  way  only 
see  ver>'  near  objects  distinctly.  The  usual  cause  of  short  sight  is  a  too 
great  convexity  of  the  cornea  or  of  the  crystalline  ;  the  eye  being  then  too 
convergent,  the  focus,  in  place  of  fonning  on  the  retina,  is  formed  in  front, 
so  that  the  image  is  indistinct.  It  may  be  remedied  by  means  of  diverging 
glasses,  which  in  making  the  rays  deviate  from  their  common  axis  throw  the 
focus  farther  back,  and  cause  the  image  to  be  formed  on  the  retina. 

The  habitual  contemplation  of  small  objects — as  when  children  are  too 
much  accustomed,  in  reading  and  writing,  to  place  the  paper  close  to  their 
eyes,  or  working  with  a  microscope— may  produce  short  sight.  It  is  common 
in  the  case  of  young  people,  but  diminishes  with  age. 

Long  sight  is  the  contrary  of  short  sight  :  the  eye  can  see  distant  objects 
very  well,  but  cannot  distinguish  those  which  are  very  near.  It  is  common 
with  advancing  years.  The  cause  of  long  sight  is  that  the  eye  is  not  suffi- 
ciently convergent,  and  hence  the  image  of  objects  is  formed  beyond  the 
retina  ;  but  if  the  objects  are  removed  farther  off,  the  image  cipproaches  the 
retina,  and  when  they  are  at  a  suitable  distance  is  formed  exactly  upon  ii, 
so  that  the  object  is  clearly  seen.  Long  sight  is  corrected  by  means  of  con- 
verging lenses.  These  glasses  bring  the  rays  together  before  their  entrance 
into  the  eye,  and,  therefore,  if  the  converging  power  is  properly  chosen,  the 
image  will  be  formed  exactly  on  the  retina. 

Double  convex  lenses  were  formerly  alone  used  for  long-sighted  persons, 
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and  double  concave  for  short-sighted  persons.  Wollaston  first  proposed  to 
replace  these  glasses  by  concavo-convex  lenses,  C  and  F  (fig.  462),  so  placed 
that  their  curvature  is  in  the  same  direction  as  that  of  the  eye.  By  means 
of  these  glasses  a  much  wider  range  is  attained,  and  hence  they  have  been 
called  periscopic  glasses.  They  have  the  disadvantage  of  reflecting  too 
much. 

630.  Bye-fflasses.  Bpeotaoles. — The  glasses  commonly  used  by  short- 
er long-sighted  p)ersons  are  known  under  the  general  name  of  eye-glasses  or 
spectacles.  Generally  speaking,  numbers  are  engraved  on  these  glasses 
which  express  their  focal  length  in  inches.  The  spectacles  must  be  so  chosen 
that  they  are  close  to  the  eye,  and  that  they  make  the  distance  of  distinct 
vision  10  or  12  inches. 

The  number  which  a  short-  or  long-sighted  person  ou<:fht  to  use  may  be 
calculated,  knowing  the  distance  of  distinct  vision.     The  formula 
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scncs  for  long-sighted  persons,  where/being  the  *  number  *  of  the  spectacles 
which  ought  to  be  taken— that  is,  the  number  expressing  the  focal  length  —p  is 
the  distance  of  distinct  vision  in  ordinary  cases  (about  12  inches),  and  d  the 
distance  of  distinct  vision  for  the  person  affected  by  long  sight. 

The  above  formula  is  obtained  from  the  equation  -  —  —  =  ^by  substitute 

P    P     J 
»ng  dioT p'.     In  this  case  the  formula  (6)  of  article  559  is  used,  and  not 

formula  (5),  because  the  image  seen  by  spectacles  being  on  the  same  side 

of  the  object  in  reference  to  the  lens,  the  sign  p'  ought  to  be  the  opposite 

of  that  of/,  as  in  the  case  of  virtual  images  from  the  paragraph  already  cited. 

For  short-sighted  persons,/  is  calculated  by  the  formula  -       ^    »   - 1 

/     N        .  .  P~  P'  J 

(559)1  which  refers  to  concave  lenses,  and  which,  replacing/'  by  //,  gives 

^   p-d ^"^ 

To  calculate,  for  instance,  the  number  of  a  glass  which  a  person  ought 
to  use  in  whom  the  distance  of  distinct  vision  is  36,  knowing  that  the  dis- 
tance of  ordinary  distinct  vision  is  12  inches  ;  making/-  12  and  //=36  in 

the  above  formula  (i),  we  get/=  ^- —   =«  18. 

36-12 

631.  INplopy. — Dipiopy  is  an  affection  of  the  eye  which  causes  objects 
to  be  seen  double  ;  that  is,  that  two  images  are  seen  instead  of  one.  Usually 
the  two  images  are  almost  entirely  superposed,  and  one  of  them  is  much 
more  distinct  than  the  other.  Dipiopy  may  be  caused  by  the  co-operation 
of  two  unequal  eyes,  but  it  may  also  affect  a  single  eye.  The  latter  case  is, 
doubtless,  due  to  some  defect  of  conformation  in  the  cr>'stalline  or  other 
parts  of  the  eye  which  produces  a  bifurcation  of  the  luminous  ray,  and  thu? 
two  images  are  formed  on  the  retina  instead  of  one.  A  sinjjie  eye  may  also 
be  affected  with  tripiopy^  but  in  this  case  the  third  image  is  exceedingly  weak. 
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631.  AefcroMtaiapT. — Ackromaiepty,  or  colour  tUseast  or  bBm 
curious  affection  which  renders  us  incapable  of  distingfuishioK  colt 
any  late  certain  colours.  Persons  affected  in  this  manner  cun  distii: 
outlines  of  bodies  without  difficulty,  and  they  can  also  diicriminati 
light  and  shade,  but  they  are  unable  to  distinguish  (he  different  col 

The  commonest  case  is  that  of  red-blindness ;  Dalton  had  it 
eminent  degree,  and  from  the  fact  that  he  very  carefully  desi 
the  disease  has  been  sometimes  called  Daltonism.  To  a  person  s 
red  appears  like  black,  and  the  brighter  shades  bluish-green  ;  blu 
and  white  seem  the  same,  or  at  all  events  only  difliirent  in  shade, 
appears  like  green,  but  he  distinguishes  between  them,  for  the  yeltw 
brighter. 

He  who  is  blind  for  green,  sees  that  colour  as  black,  and  its  lighl 
red.  He  only  sees  red  and  blue  with  their  intermediate  stage) 
appears  bright  red  ;  white  and  pink  are  alike,  the  spectrum  is  onl; 
blue  ;  in  the  green  there  is  a  grey  band.  Violet -blindness  is  veryi 
and  not  well  known ;  it  can  be  artihcially  produced  by  taking  S 
Colour  disease  is  usually  congenital  ;  it  has,  however,  been  proi 
straining  the  eyes  in  dim  light.  It  is  far  more  frequent  with  males 
females. 

Owing  to  the  ditTerence  in  even  healthy  individuals  as  regards 
ception  of  different  shades  of  colour,  the  only  certain  means  of  d 
any  particular  tint  is  to  define  its  position  by  means  of  the  neare; 
hofer's  line  (574)-  The  best  test  for  ordinary  use  is  to  give  the 
skein  of  wool  of  a  particular  tint,  green,  rose,  or  red,  and  to  requi 
match  it,  with  others  which  appear  to  him  of  the  same  tint,  amoi 
bundle  of  skeins  of  many  colours, 

633,  Opbtiutimoaoapa. — This  instrument,  as  its  name  indicai 
signed  for  the  examination  of  the  eye,  and  was  invented  in  1851  by 


llclmholti.     It  consists: — 1.  Of  a  concave  spherical  reflector  of 
metal,  M  (tigs.  545,  546),  in  the  middle  of  which  is  a  small  hole 
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Ophthalmoscope. 
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sixth  of  an  inch  in  diameter.  The  focal  length  of  the  reflector  is  from  8  to 
10  inches.  2.  Of  a  converging  achromatic  lens,  0^  which  is  held  in  front  of 
the  eye  of  the  patient.  3.  Of  several  lenses,  some  convergent,  others  diver- 
gent, any  one  of  which  can  be  fixed  in  a  frame  behind  the  mirror  so  as  to 
correct  any  given  imperfection  in  the  observer's  sight.  If  the  mirror  is  of 
silvered  glass,  it  is  not  necessary  that  it  be  pierced  at  the  centre  ;  it  is  suf- 
ficient that  the  silvering  at  the  centre  be  removed. 

To  make  use  of  the  ophthalmoscope,  the  patient  is  placed  in  a  darkened 
room,  and  a  lamp  furnished  with  a  screen  put  beside  him,  E.  The  screen 
serves  to  shade  the  light  from  his  head,  and  keep  it  in  darkness.  The  ob- 
server, A,  holding  in  one  hand  the  reflector,  employs  it  to  concentrate  the 
light  of  the  lamp  near  the  eye,  B,  of  the  patient,  and  with  his  other  hand 
holds  the  achromatic  lens,  ^,  in  front  of  the  eye.  By  this  arrangement  the 
back  of  the  eye  is  lighted  up,  and  its  structure  can  be  clearly  discerned. 

Fig.  546  shows  how  the  image  of  the  back  of  the  eye  is  produced,  which 
the  observer,  A,  sees  on  looking  through  the  hole  in  the  reflector.     Let  ab 


Fig.  546. 

be  the  part  of  the  retina  on  which  the  light  is  concentrated,  pencils  of  rays 
proceeding  from  ab  would  form  an  inverted  and  aerial  image  of  ab  at  ab\ 
^esc  pencils,  however,  on  leaving  the  eye,  pass  through  the  lens  ^,  and 
^hus  the  image  a"b"  is  in  fact  formed,  inverted,  but  distinct,  and  in  a  position 
fit  for  vision.  The  great  quantity  of  light  concentrated  by  the  ophthalmoscope 
's  apt  to  irritate  painfully  the  eye  of  the  patient.  There  are,  therefore,  inter- 
p^^sed  between  the  lamp  and  the  reflector  coloured  glasses,  to  cut  ofi*  the 
•nitating  rays,  viz.  the  red,  yellow,  and  violet  rays.  The  glasses  generally 
^niployed  are  stained  green  or  cobalt  blue. 

%  means  of  the  ophthalmoscope  Helmholtz  has  found  that,  in  an  optical 
l^mt  of  view,  no  eye  is  free  from  defects. 


566  On  Light.  £eM- 


CHAPTER  VII. 

SOURCES  OF  LIGHT.      PHOSPHORESCENCE. 

634.  Varions  sonroes  of  liflit. —  The  various  sources  of  light  are  the 
sun,  the  stars,  heat,  chemical  combination,  phosphorescence,  electricity,  and 
meteoric  phenomena.  The  last  two  sources  will  be  treated  under  the  articles 
Electricity  and  Meteorology. 

The  origin  of  the  light  emitted  by  the  sun  and  by  the  stars  is  unknown  ; 
it  is  assumed  that  the  ignited  envelope  by  which  the  sun  is  surrounded  is 
gaseous,  because  the  light  of  the  sun,  like  that  emitted  from  all  gaseous 
bodies,  gives  no  trace  of  polarisation  in  the  polarising  telescope  (Chapter 
VIII.) 

As  regards  the  light  developed  by  heat,  Pouillet  has  observed  that  bo<iies 
begin  to  be  luminous  in  the  dark  at  a  temperature  of  500°  to  600° ;  above 
that  the  light  is  brighter  in  proportion  as  the  temperature  is  higher. 

The  luminous  effects  witnessed  in  many  chemical  combinations  are  due 
to  the  high  temperatures  produced.  This  is  the  case  with  the  artificial  lights 
used  for  illuminations,  for  ordinary  luminous  flames  are  nothing  more  than 
gaseous  matters  containing  solids  heated  to  incandescence. 

635.  Pliosplioresceiice  :  its  sources. — Phosphorescence  is  the  property 
which  a  large  number  of  substances  possess  of  emitting  a  feeble  luminosity 
when  placed  under  certain  conditions. 

The  various  phenomena  may  be  referred  to  five  causes  : — 

i.  Spontaneous  phosphorescence  in  certain  vegetables  and  animals  ;  for 
instance,  it  is  ver>'  intense  in  the  glow-worm,  and  the  brightness  of  its 
light  appears  to  depend  on  its  will.  Its  light  consists  of  a  continuous 
spectrum  from  C  to  near  ^,  and  is  particularly  rich  in  blue  and  green  rays. 
In  tropical  climates  the  sea  is  often  covered  with  a  bright  phosphorescent 
light  due  to  some  extremely  small  zoophytes.  These  animalcules  emit  a 
luminous  matter  so  subtile  that  Quoy  and  Gaimard,  during  a  voyage  under 
the  equator,  having  placed  two  in  a  tumbler  of  water,  the  liquid  immediately 
became  luminous  throughout  its  entire  mass. 

ii.  Phosphorescence  by  eieifafion  of  temperature.  This  is  best  seen  in 
certain  species  of  diamonds,  and  particularly  in  chlorophane^  a  variety  of 
fluorspar,  which,  when  heated  to  300°  or  400°,  suddenly  becomes  luminous, 
emitting  a  greenish-blue  light. 

Hagenbach  examined  the  spectrum  of  phosphorescent  fluorspar,  and  found 
that  it  consisted  of  only  nine  bands,  four  blue,  two  green,  two  yellow,  and 
one  orange.  As  the  relative  intensities  of  these  bands  are  continually 
changing,  it  is  easy  to  understand  the  different  colours  presented  by  different 
specimens  of  this  mineral. 
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liL  Phosphorescence  by  mechanical  effects^  such  as  friction,  percussion, 
cleavage,  &c. ;  for  example,  when  two  crystals  of  quartz  are  rubbed  against 
each  other  in  darkness,  when  a  lump  of  sugar  is  broken,  or  when  a  plate  of 
mica  is  cleft. 

iv.  Phosphorescence  by  electricity^  like  that  which  results  from  the  friction 
of  mercury  against  the  glass  in  a  barometric  tube,  and  especially  from  the 
electric  sparks  proceeding  either  from  an  ordinary  electrical  machine,  or 
from  a  Ruhmkorffs  coil. 

V.  Phosphorescence  by  insolation  or  exposure  to  the  sun.  A  large  number 
of  substances,  after  having  been  exposed  to  the  action  of  sunlight,  or  of 
the  diffused  light  of  the  atmosphere,  emit  in  darkness  a  phosphorescence, 
the  colour  and  intensity  of  which  depend  on  the  nature  and  physical  condi- 
tion of  these  substances. 

636.  Vliosplioresoenoe  bjr  insolation. — This  was  first  observed  in  1604 
in  Bolognese  phosphorus  (sulphide  of  barium),  but  it  also  exists  in  a  great 
number  of  substances.  The  sulphides  of  calcium  and  strontium  are  those 
which  present  it  in  the  highest  degree.  When  well  prepared,  after  being 
exposed  to  the  light,  they  are  luminous  for  several  hours  in  darkness.  But 
as  this  phosphorescence  takes  place  in  a  vacuum  as  well  as  in  a  gaseous 
medium,  it  cannot  be  attributed  to  a  chemical  action,  but  rather  to  a  tempo- 
rar>'  modification  which  the  body  undergoes  from  the  action  of  light.  A 
phosphorescent  sulphide  of  calcium  is  prepared  for  industrial  purposes,  and 
is  known  as  Balmain's  luminous  paint. 

After  the  substances  above  named,  the  best  phosphorescents  are  the 
following,  in  the  order  in  which  they  are  placed  :  a  large  number  of  diamonds 
(especially  yellow  ones),  and  most  specimens  of  fluorspar  ;  then  arragonite, 
calcareous  concretions,  chalk,  apatite,  heavy  spar,  dried  nitrate  of  calcium 
and  dried  chloride  of  calcium,  cyanide  of  calcium,  a  large  number  of 
strontium  or  barium  compounds,  magnesium  and  its  carbonate,  &c.  Besides 
these  a  large  number  of  organic  substances  also  become  phosphorescent  by 
insolation  :  for  instance,  dr)'  paper,  silk,  cane-sugar,  milk-sugar,  amber,  the 
teeth,  &c. 

TTic  different  spectral  rays  are  not  equally  well  fitted  to  render  substances 
phosphorescent.  The  maximum  effect  takes  place  in  the  violet  rays,  or  even 
a  little  beyond  ;  while  the  light  emitted  by  phosphorescent  bodies  generally 
corresponds  to  rays  of  a  smaller  refrangibility  than  those  of  the  light  received 
by  them  and  giving  rise  to  the  action. 

The  tint  which  phosphorescent  bodies  assumes  is  ver>'  variable,  and  even 
in  the  same  body  it  changes  with  the  manner  in  which  it  is  prepared.  In 
strontium  compounds  green  and  blue  tints  predominate  ;  and  orange,  yellow, 
and  green  tints  in  the  sulphides  of  barium. 

The  duration  of  phosphorescence  varies  also  in  different  bodies.  In  the 
sulphides  of  calcium  and  strontium,  phosphorescence  lasts  as  long  as  thirty 
hours ;  with  other  substances  it  does  not  exceed  a  few  seconds,  or  even  a 
fraction  of  a  second. 

The  colour  emitted  by  an  artificial  phosphorescent  alters  with  the 
temperature  during  insolation.  Thus  with  sulphide  of  strontium  the  light  is 
dark  violet  at  -20''  C,  bright  blue  at  +40^,  bluish  green  at  70°,  greenish 
yellow  at  100°,  and  reddish  yellow  of  feeble  luminosity  at  200°  C. 
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whose  phosphorescence 
limply  necessary'  to  expoK 
for  a  short  time,  and  then  place  them  in  dark- 
ness ;  their  luminosity  is  very  apparent,  especially  if  care  has  been  taken  lo 
close  the  eyes  prei'iously  for  a  few  moments.  But  in  the  case  of  bodies  whose 
phosphorescence  lasts  only  a  very  short  time,  this  method  is  inadequate, 
Becquerel  invented  an  ingenious  apparatus,  the  phespkoroscope,  by  which 
bodies  can  be  viewed  immediately  after  being  eiiposed  to  light  :  the  intemi 
which  separates  the  insolation  and  obsen' 
possible,  and  measured  with  great  precision 


L 


This  apparatus,  which  is  consloicied  by  Duboscq,  consists  of  a  closed 
O'lindrical  box,  AH  (fig.  547),  of  blackened  metal ;  on  the  ends  are  two 
atJCriures  opposite  each  other  which  liave  the  form  of  a  circular  sector.  One 
only  of  these,  o,  is  seen  in  the  figure.  The  box  is  fixed,  but  it  is  traversed  in 
the  centre  by  a  movable  axis,  to  which  are  fixed  two  circular  screens,  MM 
and  PP,  of  blackened  metal  (fig.  548).  Each  of  these  screens  is  perforated 
by  four  apertures  of  the  same  shape  as  those  in  the  box  ;  but  while  the  latter 
correspond  to  each  other,  the  apertures  of  the  screens  alternate,  so  that  tbe 
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open  parts  of  the  one  correspond  to  the  closed  parts  of  the  other.  The  two 
screens,  as  already  mentioned,  are  placed  in  the  box,  and  fixed  to  the  axis, 
which  by  means  of  a  train  of  wheels,  worked  by  a  handle,  can  be  made  to 
turn  with  any  velocity. 

In  order  to  investigate  the  phosphorescence  of  any  body  by  means  of 
this  instrument,  the  body  is  placed  on  a  stirrup  interposed  between  the  two 
rotating  screens.     The  light  cannot  pass  at  the  same  time  through  the 
opposite  apertures  of  the  sides  A  and  B,  because  one  of  the  closed  parts  of 
the  screen  MM,  or  of  the  screen  PP,  is  always  between  them.     So  that  when 
a  body,  a,  is  illuminated  by  light  from  the  other  side  of  the  apparatus,  it 
could  not  be  seen  by  an  obser\'er  looking  at  the  aperture  o^  for  then  it  would 
be  masked  by  the  screen  PP.    Accordingly,  when  an  observer  saw  the  body 
(1,  it  would  not  be  illuminated,  as  the  light  would  be  intercepted  by  the  closed 
parts  of  the  screen  MM.    The  body  a  would  alternately  appear  and  dis- 
appear ;  it  would  disappear  during  the  time  of  its  being  illuminated,  and 
appear  when  it  was  no  longer  so.     The  time  which  elapses  between  the 
appearance  and  disappearance  depends  on  the  velocity  of  rotation  of  the 
screens.    Suppose,  for  instance,  that  they  made  1 50  turns  in  a  second  ;  as 
one  revolution  of  the  screens  is  effected  in  j|^  of  a  second,  there  would  be 
four  appearances  and  four  disappearances  during  that  time.      Hence  the 
length  of  time  elapsing  between  the  time  of  illumination  and  of  obser\'ation 
would  be  J  of  J  Ju  of  a  second  or  ocxx)8  of  a  second. 

Obscr\ations  with  the  phosphoroscope  are  made  in  a  dark  chamber,  the 
observer  being  on  that  side  on  which  is  the  wheel  work.  A  ray  of  solar  or 
electric  light  is  allowed  to  fall  upon  the  substance  a,  and,  the  screens 
being  made  to  rotate  more  or  less  rapidly,  the  body  a  appears  luminous  by 
transparence  in  a  continuous  manner,  when  the  inter\'al  between  insolation 
and  obser\ation  is  less  than  the  duration  of  the  phosphorescence  of  the  body. 
Hy  experiments  of  this  kind,  Becquerel  has  found  that  substances  which 
usually  are  not  phosphorescent  become  so  in  the  phosphoroscope  ;  such,  for 
instance,  is  Iceland  spar.  Uranium,  compounds  present  the  most  brilliant 
appearance  in  this  apparatus  ;  they  emit  a  very  bright  luminosity  when  the 
observer  can  see  them  003  or  0*04  of  a  second  after  insolation.  But  a  large 
number  of  bodies  produce  no  effect  in  the  phosphoroscope ;  for  instance, 
quartz,  sulphur,  phosphorus,  metals,  and  liquids. 
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CHAPTER  VIII. 

DOUBLE  REFRACTION.      INTERFERENCE.      POLARISATION. 

637.  Tlie  nndolatory  theory  of  llylit. — It  has  been  already  stated  (4^99} 
that  the  phenomenon  of  light  is  ascribed  to  undulations  propagated  through 
an  exceedingly  rare  medium  called  the  luminiferous  ether,  which  is  supposed 
to  pervade  all  space,  and  to  exist  between  the  molecules  of  the  ordinary 
forms  of  matter.     In  short,  it  is  held  that  light  is  due  to  the  undulations  of 
the  ether,  just  as  sound  is  due  to  undulations  propagated  through  the  z\r. 
In  the  latter  case  the  undulations  cause  the  drum  of  the  ear  to  vibrate 
and  produce  the  sensation  of  sound.     In  the  former  case,  the  undulations 
cause  points  of  the  retina  to  vibrate  and  produce  the  sensation  of  light. 
The  two  cases  differ  in  this,  that  in  the  case  of  sound  there  is  independent 
evidence  of  the  existence  and  vibration  of  the  medium  (air)  which  propagates 
the  undulation  ;  whereas  in  the  case  of  light  the  existence  of  the  medium 
and  its  vibrations  is  assumed^  because  that  supposition  connects  and  explains 
in  the  most   complete   manner  a  long  series  of  ver>'  various   phenomena. 
There  is,  however,  no  independent  evidence  of  the  existence  of  the  lumini- 
ferous ether. 

The  analogy  between  the  phenomena  of  sound  and  light  is  very  close ; 
thus,  the  intensity  of  a  sound  is  greater  as  the  amplitude  of  the  vibration  of 
each  particle  of  the  air  is  greater,  and  the  intensity  of  light  is  greater  as  the 
amplitude  of  the  vibration  of  each  particle  of  the  ether  is  greater.  Again,  a 
sound  is  more  acute  as  the  length  of  each  undulation  producing  the  sound  is 
less,  or,  what  comes  to  the  same  thing,  according  as  the  number  of  vibrations 
per  second  is  greater.  In  like  manner,  the  colour  of  light  is  different  ac- 
cording to  the  length  of  the  undulation  producing  the  light :  a  red  light  is 
due  to  a  comparatively  long  undulation,  and  corresponds  to  a  deep  sound, 
while  a  violet  light  is  due  to  a  short  undulation,  and  corresponds  to  an  acute 
sound. 

Although  the  length  of  the  undulations  cannot  be  observed  directly,  yet 
they  can  be  inferred  from  certain  phenomena  with  great  exactness.  The 
following  table  gives  the  lengths,  in  inches  and  millimetres,  of  the  undulations 
corresponding  to  the  light  at  the  principal  dark  lines  of  the  spectrum  : — 
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I  Icntnhs  of  the  undulations  of  the  air  may  be  comprised  when  they  produce 
ttie  sensation  of  sound  (244). 

The  undulaiory  theory  readily  explains  the  colours  of  different  bodies. 

[  According  to  that  theory,  certain  bo-Jies  have  the  property  of  exciting  undula- 

f  tions  of  different  lengths,  and  thus  producing  light  of  given  colours.    White 

I  lisht  tir  daylight  results  from  the  coe.\istence  of  undulations  of  all  possible 

lengths. 

The  colour  of  a  body  is  due  to  the  power  it  has  of  extinguishing  certain 
vibrations,  and  of  reflecting  others  ;  and  the  body  appears  of  the  colour  pro- 
duced by  the  coexistence  of  the  reflected  vibrations.    A  body  appears  white 
when  it  reflects  all  different  vibrations  in  the  proportion  in  which  they  are 
present  in  the  spectrum  :    it  appears   black  when  it  reflects  light  in  such 
small  quantities  as  not  to  affect  the  eye.     A  red  body  is  one  which  has  the 
ptopeny  of  reflecting  in  predomiriimt  strength  those  vibrations  which  pro- 
duct the  sensation  of  red.     This  is  seen  in  the  fact  that,  when  a  piece  of  red   . 
piper  is  held  against  the  daylight,  and  the  reflected  light  is  caught  on  a 
«hlit  wall,  this  also  appears  red.    A  piece  of  red  paper  in  the  red  part  of 
The  spectrum  appears  of  a  brighter  red,  and  a  piece  of  blue  paper  held  in 
ilic  blue  part  appears  a  brighter  blue  ;  while  a  red  paper  placed  in  the  violet 
<*  blue  part  appears  almost  black.     In  the  last  case  the  red  paper  can  only 
tftci  red  rays,  while  it  extinguishes  the  blue  rays,  and  as  the  blue  of  the 
ipccirum  is  almost  free  from  red,  so  little  is  reflected  that  the  paper  appears 

bbcb. 

The  undo latory  the orj'  likewise  explains  ihe  colours  of  transparent  bodies. 
Thus,  a  vibrating  motion  on  reaching  a  body  sets  it  in  vibration.  So  also  the 
tibraiions  of  the  luminiferous  ether  are  communicated  to  the  ether  in  a  body, 
•nd  setting  it  in  motion,  produce  light  of  different  colours.  When  this  motion 
ii  transmitted  through  any  body,  it  is  said  lo  be  transparent  or  tramlucenl, 
vrording  10  the  different  degrees  of  strength  with  which  this  transmission  is 
cScaed.     In  the  opposite  case  it  is  said  to  be  opaque. 

Ulien  light  falls  upon  a  transparent  body,  the  body  appears  colourless  if 
all  the  vibrations  are  transmitted  in  the  proportion  in  which  they  exist  in  the 
ipecirum.  But  if  some  of  the  vibrations  are  checked  or  extinguished,  the 
ctnetgem  lighl  will  be  of  the  colour  produced  by  the  coexistence  of  the  un- 
checked vibrations.  Thus,  when  a  piece  of  blue  glass  is  held  before  the  eye, 
Ihc  Hbralions  producing  red  and  yellow  are  extinguished,  and  the  colour  is 
due  lo  the  emergent  vibrations  which  produce  blue  light. 

The  undubtory  lheor>'  also  accounts  for  the  reflection  and  refraction  of 
light,  AS  well  as  other  phenomena  which  are  yet  to  be  described.  The  en- 
planalion  of  the  refraction  of  light  is  of  so  much  importance  that  we  shall 
evoie  to  it  the  following  article. 
63S.  VtayatCMl  expluiHtlon  of  sln^e  Teft«otlon.—The  explanation  of 
this  phenomenon  by  means  of  ihe  undulator>'  theory  of  lighl  presupposes 
that  of  Ihc  mode  of  propagation  of  a  plane  wave.  Now,  if  a  disturbance 
onginated  ai  any  point  of  the  ether,  it  would  be  propagated  as  a  sphericiil  t 
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wave  in  all  directions  round  that  point  with  a  uniform  velocity.  If,  instep  :- 
of  a  single  point,  we  consider  the  front  of  a  plane  wave,  it  is  evident  ll^r^  ^ 
disturbances  originate  simultaneously  at  all  points  of  the  front,  and  iH-^ 
spherical  waves  proceed  from  each  point  with  the  same  uniform  veloci.^r 
Consequently  all  these  spheres  will  at  any  subsequent  instant  be  touched 
a  plane  parallel  to  the  original  plane.  The  disturbances  propagated  fr^  — 
the  points  in  the  first  position  of  the  wave  will  mutually  destroy  each  otl 
except  in  the  tangent  plane  :  consequently  the  wave  advances  as  a  ph 
wave,  its  successive  positions  being  the  successive  positions  of  the  tang- 
plane.  If  the  wave  moves  in  any  medium  with  a  velocity  r/,  it  will  des< 
a' space  vt  in  a  time  /,  in  a  direction  at  right  angles  to  the  wave-front. 

In  any  given  moment  let  mn  (fig.  549)  be  the  position  of  the  wave-fix)i 
a  ray  of  light,  which,  moving  through  any  medium,  meets  the  plane  sui 

AB  of  any  denser  refrac- 


t'lg.  549- 


medium.    In  the  same 
nient  in  which  the  w 
front  reaches  n^  m 
the  centre  of  a  sphe  "«nca/ 
wave  system  which  n^oves 
in    the    second    medi'VJin; 
and  as  the  elasticity  o*^  tbe 
second  medium  is  diflSdieiit 
from  that  of  the  first,   f/je 
velocity  of  propagation  of 
the  wave  in  two  medin.  H/ii 


be  different.     While  the  plane  wave  moves  from  w  to  K,  the  corresponcfing 
wave  starting  from  ///  reaches  the  surface  of  a  sphere  the  radius  of  which  is 
less  than  //K,  if  the  second  medium  is  more  strongly  refracting  than  the  first. 
The  incident  wave  in  like  manner  reaches  ///'  and  «'  simultaneously,  and 
while  /;  moves  to  K,  ///'  moves  to  o\  the  surface  of  a  sphere  the  radius  of 
which,  m'o\  is  to  mo  as  //'  is  to  //K.     All  the  elementar>'  waves  proceeding 
from  points  intermediate  to  //  and  K  which  arise  from  the  same  incident 
wave,  all  touch  one  and  the  same  plane  K^  V,  and  the  refracted  ray  proceeds 
in  the  new  medium  perpendicular  to  this  tangent  plane. 

Now  //K  and  mo  represent  the  velocities  of  light  in  the  unit  of  time  in  the 
two  media  respectively  ;  let  ;//K  be  taken  as  unit  of  length,  then 

//K  -  sin  /////K  and  mo  -  sin  wK^. 

Now  /;///K  is  the  angle  of  incidence  of  the  ray,  and  wK<7  is  the  angle  pi 
refraction,  and  //K  and  mo  are   the  velocities  of  light  in  the  two  medi? 
respectively  ;  hence  v.e  see  that  these  velocities  are  to  each  other  in  th 
same  ratio  as  the  sines  of  the  angles  of  incidence  and  refraction  :  a  cond' 
sion  which  agrees  with  the  results  of  direct  observation  (506)  and  forms 
beautiful  confirmation  of  the  truth  of  the  undulatory  theory. 


DOUBLE   REFRACTION. 


639.  Bonble  renraotton. — It  has  been  already  stated  (536)  that  a' 
number  of  crystals  possess  the  property  of  double  refraction,  in  virt 
which  a  single  incident  ray  in  passing  through  any  one  of  them  is  di 
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iDio  iwo,  or  undergoes  bifurcation,  whence  it  follows  [hai,  when  an  object 
is  seen  through  one  of  these  crystals,  it  appea.rs  double.  The  fact  of 
the  existence  of  double  refraction  in  Iceland  spa.r  was  first  stated  by 
Bartholin  in  t609,  bm  the  law  of  double  refraction  was  first  enunciated 
exactly  by  Huyghens,  in  his  treatise  on  hghi,  written  in  1678  and  published 

Crystals  which  possess  this  peculiarity  are  said  to  be  double-refracting. 
ll  is  found  to  a  greater  or  less  extent  in  all  crystals  which  do  not  belong  to 
the  cubical  system.  Bodies  which  crystallise  in  this  sj'stem.  and  those 
which,  like  glass,  are  destitute  of  crysialhsation,  have  no  double  refraction 
The  property  can,  however,  be  imparted  to  them  when  they  are  unequally 
compressed,  or  when  they  are  cooled  quickly  after  having  been  heated,  in 
which  state  glass  is  said  to  be  unannealed.  Of  all  substances,  that  which 
possesses  it  most  remarkably  is  Iceland  spar  or  carbonate  of  calcium.  In 
many  substances,  the  power  of  double  refraction  can  hardly  be  proved  to 
exist  directly  by  the  bifurcation  of  an  incident  ray  ;  but  its  existence  is  shown 
indirectly  by  their  being  able  to  depolarise  light  (665) 

Tresnel  explained  double  refraction  by  assuming  that  the  ether  in  double- 
itfracting  bodies  is  not  equally  elastic  in  all  directions  ;  from  which  it 
ibllows  that  the  vibrations,  in  certain  directions  at  right  angles  to  each 
I  other,  are  transmitted  with  unequal  velocities  ;  these  directions  being  depen- 
dent on  the  constitution  of  the  crystal.  This  hypothesis  is  confirmed  by  the 
property  which  glass  acquires  of  becoming  double -refracting  by  being  un- 
annealed  and  by  pressure. 

640.  Onlaxlal  orjBUla. —  In  all  double -refracting  crystals  there  is  one 
direction,and  in  some  a  second  direction, possessing  the  following  property; — 
When  a  point  is  looked  at  through  the  crjsial  in  this  particular  direction,  it 
does  net  appear  double.  The  lines  fixing  these  directions  are  called  optie 
'  axes ;  and  sometimes,  though  not  very  properly,  axes  of  double  refraction. 
A  cr>-slal  is  called  uttiaxial  when  it  has  one  optic  a.vis  ;  that  is  to  say,  when 
there  i»  one  direction  within  the  crystal  along 
which  a  ray  of  light  can  proceed  without 
bifurcation.  When  a  crystal  has  two  such 
axes,  it  is  called  a  biaxial crjstal. 

The  uniaxial  crystals  most  frequently 
used  in  optical  instruments  are  Iceland  spar, 
qoarti,  and  tourmaline.  Iceland  spar  crj'stal. 
Uses  in  rhombohedra,  whose  faces  form  with 
each  other  angles  of  105'  5'  or  74"  55'.     It  Fig.  ^a. 

has   eight   solid    angles   (see    fig.    550).      Of 

these,  two.  situated  at  the  extremities  of  one  of  the  diagonals,  are  severally 
contained  by  three  obtuse  angles.  A  line  drawn  within  one  of  these  two 
angles  in  such  a  manner  as  to  be  equally  inclined  to  the  three  edges  conlain- 
itig  the  angle  is  called  the  axis  of  the  crystal.  If  all  the  edges  of  the  crystal 
were  equal,  the  axis  of  the  crystal  would  coincide  with  the  diagonal,  ab. 

Brewster  showed  that  in  all  uniaxial  crystals  the  optic  axis  coincides  iiilli 
tbe  axil  of  crystallisation. 

The  principal  plane  with  reference  to  a  point  of  any  face  of  a  ■ ^' 

vImlKr  natural  or  artificial,  is  a  plane  drawn  through  thai  poinU 
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angles  to  the  face  and  parallel  to  the  optic  axis.  If  in  fig.  550  we  suppo 
the  edges  of  the  rhombohedron  to  be  equal,  the  diagonal  plane  tUfcd  contaii 
the  optic  axis  {ab)^  and  is  at  right  angles  to  the  faces  aed/9Xid  chbg\  cons 
quently,  it  is  parallel  to  the  principal  plane  at  any  point  of  either  of  tho 
two  faces.  For  this  reason  <ibcd  is  often  called  the  principal  plane  wi 
respect  to  those  faces. 

641.  Ordinary  and  extraordinary  ray. — Of  the  two  rays  into  whi< 
an  incident  ray  is  divided  on  entering  a  uniaxial  crystal,  one  is  called  tl 
ordinary  and  the  other  the  extraordinary  ray.  The  ordinary  ray  follov 
the  laws  of  single  refraction  ;  that  is,  with  respect  to  that  ray  the  sine  oft! 
angle  of  incidence  bears  a  constant  ratio  to  the  sine  of  the  angle  of  refractio 
and  the  plane  of  incidence  coincides  w^ith  the  plane  of  refraction.  Exce] 
in  pjirticular  positions,  the  extraordinary  ray  follows  neither  of  these  law 
The  images  corresponding  to  the  ordinary  and  extraordinary  rays  are  calle 
the  ordinar>'  and  extraordinary  images  respectively. 

Jf  a  transparent  specimen  of  Iceland  spar  be  placed  over  a  dot  of  inl 
on  a  sheet  of  white  paper,  two  images  will  be  seen.  One  of  them,  th 
ordinary  image,  will  seem  slightly  nearer  to  the  eye  than  the  other,  the  extn 
ordinary  image.  Suppose  the  spectator  to  view  the  dot  in  a  direction  s 
right  angles  to  the  paper,  then,  if  the  crystal,  with  the  face  still  on  the  pape 
be  turned  round,  the  <?r^/>/rfry  image  will  continue  fixed,  and  the  extraordinar 
image  will  describe  a  circle  round  it,  the  line  joining  them  being  always  i 
the  direction  of  the  shorter  diagonal  of  the  face  of  the  crystal,  supposing  it 
edges  to  be  of  equal  length.  In  this  case  it  is  found  that  the  angle  betwee 
the  ordinary  and  extraordinar\'  ray  is  6°  12'. 

642.  The  laws  of  double  reflractlon  in  a  uniaxial  crystal. — Thes 
phenomena  are  found  to  obey  the  following  Laws  : — 

i.  Whatever  be  the  plane  of  incidence,  the  ordinary  ray  always  obey 
the  two  general  laws  of  single  refraction  (537).  The  refractive  index  for  th 
ordinary  ray  is  called  the  ordinary  refractive  index. 

ii.  In  every  section  perpendicular  to  the  optic  axis  the  extraordinary  ra; 
also  follows  the  laws  of  single  refraction.  Consequently  in  this  plane  th 
extraordinary  ray  has  a  constant  refractive  index,  which  is  called  the  ordinar 
refractive  index. 

iii.  In  every  principal  section  the  extraordinary  ray  follows  the  seconi 
law  only  of  single  refraction  ;  that  is,  the  planes  of  incidence  and  refractioi 
coincide,  but  the  ratio  of  the  sines  of  the  angles  of  incidence  and  refractioi 
is  not  constant. 

iv.  The  velocities  of  light  along  the  rays  are  unequal.  It  can  be  showi 
that  the  difference  between  the  squares  of  the  reciprocals  of  the  velocitie 
along  the  ordinary  and  extraordinary  rays  is  proportional  to  the  square  of  th 
sine  of  the  angle  between  the  latter  ray  and  the  axis  of  the  crystal. 

There  is  an  important  difference  between  the  velocity  of  the  ray  and  th 
velocity  of  the  corresponding  plane  liHive.  If  the  velocities  of  the  plan* 
waves  corresponding  to  the  ordinary  and  extraordinar)'  rays  are  considered 
the  difference  between  the  squares  of  these  velocities  is  proportional  to  th< 
square  of  the  sine  of  the  angle  between  the  axis  of  the  crystal,  and  the  norma 
to  that  plane  wave  which  corresponds  to  the  extraordinar}'  ray.  The  norma 
and  the  ray  do  not  generally  coincide. 
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Huyghens  gave  a  very  remarkable  geometrical  construction,  by  means  ot 
which  the  directions  of  the  refracted  rays  can  be  determined  when  the  direc- 
tions of  the  incident  ray  and  of  the  axis  are  known  relatively  to  the  face  of 
the  crystal  This  construction  was  not  generally  accepted  by  physicists 
until  Wollaston  and  subsequently  Malus  showed  its  truth  by  numerous  exact 
measurements. 

643.  yosltlT«  and  neratlve  uniaxial  erystaL — The  term  extraordinary 
refractive  index  has  been  defined  in  the  last  article.  For  the  same  crystal 
its  magnitude  always  differs  from  that  of  the  ordinary  refractive  index  ;  for 
example,  in  Iceland  spar  the  ordinary  refractive  index  is  1*654,  while  the 
extraordinary  refractive  index  is  1*483.  In  this  case  the  ordinary  index 
exceeds  the  extraordinary  index.  When  this  is  the  case,  the  cr>'stal  is  said 
to  be  negative.  On  the  other  hand,  when  the  extraordinary  index  exceeds 
the  ordmary  index,  the  crystal  is  said  to  be  positive.  The  following  list  gives 
the  names  of  some  of  the  principal  uniaxial  crystals  : — 


Iceland  spar 

Tourmaline 

Sapphire 


Zircon 
Quartz 


Negative  Uniaxial  Crystals, 

Ruby  Pyromorphite 

Ferrocyanide  of  potassium 


Emerald 
Apatite 


Nitrate  of  sodium 


Positive  Uniaxial  Crystals, 

Apophyllite  Titanite 

Ice  Boracite 


644.  Donble  reAraetlon  in  biaxial  crystals. — A  large  number  ot 
cr>stals,  including  all  those  belonging  to  the  trimetricy  the  monoclinic,  and 
the /nV/fVr/V  systems,  possess  iv/o  optic  axes  ;  in  other  words,  in  each  of  these 
cr)*stals  there  are  two*  directions  along  which  a  ray  of  light  passes  without 
bifurcation.  A  line  bisecting  the  acute  angle  between  the  optic  axes  is 
called  the  medial  line  ;  one  that  bisects  the  obtuse  angle  is  called  the  sup- 
plementary line.  It  has  been  found  that  the  medial  and  supplementary 
lines  and  a  third  line  at  right  angles  to  both  are  closely  related  to  the  funda- 
mental form  of  the  crystal  to  which  the  optic  axes  belong.  The  acute  angle 
between  the  optic  axes  is  different  in  different  cr>'stals.  The  following 
table  gives  the  magnitude  of  this  angle  in  the  case  of  certain  crystals  :  - 


Nitre 

.       f  20' 

Mica 

.     45     0 

Strontianitc    . 

.      6   56 

Sugar     . 

.     50     0 

Arragonite 

.     18    18 

Selenite  . 

.     60     0 

Anhydrite 

.     28°    7' 

Epidote . 

.     84    19 

Hcaxy  spar    . 

.    yi  42 

Sulphate  of  iron 

.     90     0 

When  a  ray  of  light  enters  a  biaxial  cr>'stal,  and  passes  in  any  direction 
not  coinciding  with  an  optic  axis,  it  bifurcates  ;  in  this  case,  however, 
neither  ray  conforms  to  the  laws  of  single  refraction,  but  both  are  extra- 
ordinary rays.  To  this  general  statement  the  following  exception  must  be 
nuide  : — In  a  section  of  a  cr>'stal  at  right  angles  to  the  medial  line  one  ray 
follows  the  laws  of  ordinary  refraction,  and  in  a  section  at  right  angles  to 
the  supplementary  line  the  other  ray  follows  the  laws  of  ordltVAt^^  t^^T^jieuoxv, 
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INTERFERENCE  AND  DIFFRACTION. 

645.  ZnterferdBoe  of  llylit.— The  name  interference  is  given  to  the 
reciprocal  action  which  two  rays  of  light  exert  upon  each  other  when  they  are 
emitted  from  two  neighbouring  sources,  and  meet  each  other  under  a  very 
small  angle.  This  action  may  be  observed  by  means  of  the  following  ex- 
periment : — In  the  shutter  of  a  dark  room  two  very  small  apertures  of  the 
same  diameter  are  made  close  to  each  other.  The  apertures  are  closed 
by  pieces  of  coloured  glass— red,  for  example — by  which  two  pencils  of 
homogeneous  light  are  introduced.  These  two  pencils  form  two  divergent 
luminous  cones,  which  meet  at  a  certain  distance  ;  they  are  received  on  a 
white  screen  a  little  beyond  the  place  at  which  they  meet,  and  in  the  segment 
common  to  the  two  discs  which  form  upon  this  screen  some  very  well-defined 
alternations  of  red  and  black  bands  are  seen.  If  one  of  the  two  apertures 
be  closed,  the  fringes  disappear,  and  are  replaced  by  an  almost  uniform  red 
tint.  From  the  fact  that  the  dark  fringes  disappear  when  one  of  the  beams 
is  intercepted,  it  is  concluded  that  they  arise  from  the  interference  of  the  two 
pencils  which  cross  obliquely. 

This  experiment   was    first  made   by  Grimaldi,  but   was   modified  by 
Young.     Cirimaldi  had  drawn  from  it  the  conclusion  that  light  added  to  light 


Fig-  551- 


produced  darkness.  The  full  importance  of  this  principle  remained  for 
a  lonj^  time  unrecognised,  until  these  inquiries  were  resumed  by  Young 
and  Fresnel,  of  whom  the  latter,  by  a  modification  of  Grimaldi^s  experi- 
ment, rendered  it  an  expcrimentum  cruets  of  the  truth  of  the  undulator)' 
hypothesis. 

In  (}rimaldis  experiment  diftraction  (646)  takes  place,  for  the  luminous 
rays  pass  by  the  edge  of  the  aperture.  In  the  following  experiment,  which 
is  due  to  Fresnel,  the  two  pencils  interfere  without  the  possibility  of  diffraction. 

Two  plane  mirrors,  AB  and  BC  (fig.  551),  of  metal,  are  arranged  close  to 


645]  Interference  of  Light  577 

each  other,  so  as  to  form  a  very  obtuse  angle,  ABC,  which  must  be  ver>' 
little  less  than  i8o^.  A  pencil  of  red  light,  which  passes  into  the  dark 
chamber,  is  brought  to  a  focus,  F,  by  means  of  a  lens,  L.  On  diverging  from 
F  the  rays  fall  partly  on  AB,  and  partly  on  BC.  If  BA  is  produced  to  P  and 
FPF,  is  drawn  at  right  angles  to  AP,  and  if  PFj  is  made  equal  to  PF,  then 
the  rays  which  fall  on  AB  will,  after  reflection,  proceed  as  if  they  diverged 
from  Fj.  If  a  similar  construction  is  made  for  the  rays  falling  on  BC,  they 
will  proceed  after  reflection  as  if  they  diverged  from  F^.  A  little  considera- 
tion will  show  that  F,  and  F,  are  very  near  each  other.  Suppose  the  re- 
flected rays  to  fall  on  a  screen  SSj  placed  nearly  at  right  angles  to  their 
directions.  Every  point  of  the  screen  which  receives  light  from  both  pencils 
is  illuminated  by  both  rays,  viz.  one  from  Fj,  the  other  from  F,  :  thus  the 
point  H  is  illuminated  by  two  rays,  as  also  are  K  and  I.  Now  the  combined 
action  of  these  two  pencils  is  to  form  a  series  of  parallel  bands  alternately 
light  and  dark  on  the  screen  at  right  angles  to  the  plane  of  the  paper.  This 
is  the  fundamental  phenomenon  of  interference ;  and  that  it  results  from  the 
joini  action  of  the  two  pencils  is  plain,  for  if  the  light  which  falls  upon  either 
of  the  mirrors  is  cut  oflj  the  dark  bands  disappear. 

This  remarkable  exp>eriment  is  explained  in  the  most  satisfactory  manner 
by  the  undulatory  theory  of  light.    The  explanation  exactly  resembles  that 
already  given  of  the  formation  of  nodes  and  loops  by  the  combined  action  of 
two  aerial  waves  (262) ;  the  only  difference  being  that  in  that  case  the  vibrating 
particles  were  supposed  to  be  particles  of  air,  whereas,  in  the  present  case,  the 
nbrating  partic  es  are  supposed  to  be  those  of  the  luminiferous  ether.     Con- 
sider any  point  K  on  the  screen,  and  first  let  us  suppose  the  distance  of  K  from 
F,  and  F,  to  be  equal.     Then  the  undulations  which  reach  K  will  always  be 
in  the  same  />Aasey  and  the  particle  of  ether  at  K  will  vibrate  as  if  the  light 
came  from  one  source  :  the  amplitude  of  the  vibration,  however,  will  be 
increased  in  exactly  the  same  manner  as  happens  at  a  loop  or  ventral  point  ; 
consequently  at  K  the  intensity  of  the  light  will  be  increased.     And  the 
same  will  be  true  for  all  parts  on  the  screen,  such  that  the  difference  between 
their  distances  from  the  two  images  equals  the  length  of  one,  two,  three,  Sec, 
undulations.     If,  on  the  other  hand,  the  distances  of  K  from  F,  and  F,  differ 
by  the  length  of  half  an  undulation,  then  the  two  waves  would  reach  K  in 
exactly  opposite  phases.     Consequently,  whatever  velocity  would   be  com- 
municated at  any  instant  to  a  particle  of  ether  by  the  one  undulation,  an 
exactly  equal  and  opposite  velocity  would  be  communicated  by  the  other 
undulation,  and  the  particle  would  h^  permanently  at  rest,  or  there  would  be 
darkness  at  that  point ;  this  result  being  produced  in  a  manner  precisely 
resembling  the  formation  of  a  nodal  point  already  explained.     The  same 
will  be  true  for  all  positions  of  K,  such  that  the  diflferences  between  its 
distances  from  F^  and  F,  is  equal  to  three  halves,  or  five  halves,  or  seven 
halves,  &c.,  of  an  undulation.     Accordingly,  there  will  be  on  the  screen  a 
succession  of  alternations  of  light  and  dark  points,  or  rather  hnes — for  what 
is  true  of  points  in  the  plane  of  the  paper  (fig.  550),  will  be  equally  true  of 
other  points  on  the  screen,  which  is  supposed  to  be  at  right  angles  to  the 
plane  of  the  paper.     Between  the  light  and  dark  lines  the  intensity  of  the 
light  will  vary,  increasing  gradually  from  darkness  to  its  greatest  intensity, 
and  then  decreasing  to  the  second  dark  line,  and  so  on. 

C  c 
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If  instead  of  red  light  any  other  coloured  light  were  used — for  example, 
violet  light — an  exactly  similar  phenomenon  would  be  produced,  but  the  dis- 
tance from  one  dark  line  to  another  would  be  different.  If  white  light  were 
used,  each  separate  colour  tends  to  produce  a  different  set  of  dark  lines. 
Now  these  sets  being  superimposed  on  each  other,  and  not  coinciding,  the 
dark  lines  due  to  one  colour  are  illuminated  by  other  colours,  and  instead  of 
dark  lines  a  succession  of  coloured  bands  is  produced.  The  number  of 
coloured  bands  produced  by  white  light  is  much  smaller  than  the  number  of 
dark  lines  produced  by  a  homogeneous  light ;  since  at  a  small  distance  from 
the  middle  band  the  various  colours  are  completely  blended,  and  a  uniform 
white  light  produced. 

646.  Olft^aotioB  and  firlnre*- — Diffraction  is  a  modification  which  light 
undergoes  when  it  passes  the  edge  of  a  body,  or  when  it  traverses  a  small 
aperture — a  modification  in  virtue  of  which  the  luminous  rays  appear  to 
become  bent,  and  to  penetrate  into  the  shadow. 

This  phenomenon  may  be  observed  in  the  following  manner : — Abeam  of 
solar  light  is  allowed  to  pass  through  a  very  small  aperture  in  the  shutter  of 
a  dark  room,  where  it  is  received  on  a  condensing  lens,  L  (fig.  552),  with  a 


Fig-  552. 

short  focai  length.  A  red  glass  is  placed  in  the  aperture  so  as  only  to  allow 
red  light  to  pass.  An  opaque  screen,  e^  with  a  sharp  edge  a — a  razor,  for 
instance— is  placed  behind  the  lens  beyond  its  focus,  and  intercepts  one  por- 
tion of  the  luminous  cone,  while  the  other  is  projected  on  the  screen  by  of 
which  B  represents  a  front  view.  The  following  phenomena  are  now  seen  : — 
Within  the  geometrical  shadow,  the  limit  of  which  is  represented  by  the  line 
aby  a  faint  light  is  seen,  which  gradually  fades  in  proportion  as  it  is  farther  from 
the  limits  of  the  shadow.  In  this  part  of  the  screen — which,  being  above  the 
line  ab,  might  be  expected  to  be  uniformly  illuminated — a  series  of  alternate 
dark  and  light  bands  or  fringes  are  seen  parallel  to  the  line  of  shadow,  which 
gradually  become  more  indistinct  and  ultimately  disappear.  The  limits 
between  the  light  and  dark  fringes  are  not  quite  sharp  lines  ;  there  are  parts 
of  maximum  and  minimum  intensity  which  gradually  fade  off  into  each  other. 

All  the  colours  of  the  spectrum  give  rise  to  the  same  phenomenon,  but 
the  fringes  are  broader  in  proportion  as  the  light  is  less  refrangible.  Thus, 
with  red  light  they  are  broader  than  with  green,  and  with  green  than  with 
violet.  Hence,  with  white  light,  which  is  composed  of  different  colours,  the 
dark  spaces  of  one  tint  overlap  the  light  spaces  of  another,  and  thus  a  series 
of  prismatic  colours  will  be  produced. 

If,  instead  of  placing  the  edge  of  an  opaque  body  between  the  light  and 
the  screen,  a  very  narrow  body  be  interposed,  such  as  a  hair  or  a  fine  metallic 
wire,  the  phenomena  will  be  different.  Outside  the  space  corresponding  to 
the  geometrical  shadow,  there  is  a  series  of  fringes,  as  in  the  former  case. 
But  within  the  shadow  also  there  is  a  series  of  alternate  light  and  dark  bands. 
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They  are  called  interior  fringes,  and  ai 
than  the  external  fringes. 

When  a  small  opaque  circular  disc  is  inlerposed,  while  light  being  used, 
lis  shadow  on  Ihe  screen  shows  in  the  middle  a  bright  spot  surrounded  by  a 
ierles  of  coloured  concentric  rings  ;  the  bright  spot  is  of  various  colours 
according  id  the  relative  positions  of  the  disc  and  screen.  The  haloes 
sometimes  seen  round  the  sun  and  moon  belong  to  this  clkss  of  phenomena. 
They  are  doc,  as  Fraunhofer  showed,  to  the  diffraction  of  light  by  small 
globules  of  fog  in  the  atmosphere.  Fraunhofer  even  gave  a  method  of 
estimating  the  mean  diameter  of  these  globules  from   the  dimensions  of  the 

647.  OtsUnta.— Phenomena  of  diffraction  of  another  class  are  produced 
by  allowing  the  pencil  of  light  from  the  luminous  point  to  traverse  an  aper- 
ture in  the  form  of  a  narrow  slit  in  an  opaque  screen.     The  diffracted  light 
may  be  received  on  a  sheet  of 
nhiie   paper,   but    the    images    1 
are  much  better   seen  through    I 
a  small  telescope  placed  behind 
the   apenure.     If  the   aperture 
is    very    small,    the    telescope 
may   be   dispensed    with,    and 
the  figure  may  be  viewed   by    I 

placing  the  aperture  before  the  j..^ 

e)«.     If    now    monochromatic  '*'  "^' 

light,  red  for  instance  (571),  be  allowed  to  fall  through  such  1 
bright  band  of  red  light  is  seen,  and  right  and  left  of  it  a  series  of  similar   | 
bands  gradually  diminishing  in  brightness  and  separated  by  dark  bands. 

The  breadth  of  these  bands  differs  with  the  nature  of  the  light,  being  ^ 
narrower  and  nearer  together  in  violet  than  In  green,  and  these  again  nar- 
rower and  nearer  than  in  red,  as  shown  in  fig.  553.  If  ordinary  white  light 
be  used,  then  the  colours  are  not  exactly  superposed,  but  a  series  of  equi- 
distant spectra  arc  formed  on  each  side  of  the  bright  line,  with  their  violet 
iide  turned  inwards. 

In  order  to  explain  this,  let  us  refer  to  fig.  554,  which  represents  the 
foirnxlion  of  the  first  dark  band.  When  light  is  incident  on  the  slit,  AB,  the 
particles  of  ether  there,  which  we  will  represent  by  the  dotted  lines,  will  be 
set  tn  vibration,  and  each  point  will  become  the  centre  of  a  new  series  of 
uscillolions.  Consider  now  the  undulations  which  constitute  a  ray  pro- 
ceeding at  right  angles  to  the  plane  of  the  slit  :  all  such  undulations  will 
form  a  band  of  light  on  the  screen  MN.  Those  which  arc  not  parallel  but 
proceed  at  equal  inclinations,  and  meet  at  the  point  r,  will  be  in  the  sat 
phatc  and  will  reinforce  each  other,  and  the  line  of  maximum  brighlni 
■nil  be  at  r.  Consider,  however,  a  piencil  of  rays  which  proceeds  from  the 
n  oblique  direction  and  which  meets  the  screen,  or  the  retina,  in  the 
point  ),  and  let  us  suppose  thai  the  difference  between  the  lengths  of  the 
paths  of  the  undulations  proceeding  from  the  edges'^  and  it — that  is,  ^x  and 
—is  equal  to  the  length  of  an  undulation.  Make  j'i'-j^  and  join  ^r;  then 
'»  the  length  of  the  undulation. 

Let  us  suppose  that  the  whole  set  of  undulations  which  proceeds  from 
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the  slit  <U>  is  divided  at  d  into  two  equal  groups  of  undulations.     Then  a 


e  consideralio 
dilTerenceof  phas 


L  d  I 


1  will  show  that  at  any  pan  of  the  path  there  will  be  a 
s  of  half  an  undulation  between  the  ray  from  the  margin 
(I,  and  that  from  the  centre  d:  and  to  eairh 
undulation  constituting  the  group  on  the 
left  there  n-ill  be  a  corresponding  one 
among  the  groups  on  the  right,  which  just 
differs  from  ii  by  half  an  undulation ;  the 
general  effect  will  be  that  the  group  on 
the  left  will  be  half  an  undulation  behind 
the  group  on  the  right,  and  both  arrt\ini; 
at  the  screen  in  opposite  phases  neutralise 
each  other  and  produce  darkness. 

When  the  difference  between  the  paths 
of  the  marginal  undulations  is  equal  to  half 
a  wave-length,  a  partial  destruction  of  light 
takes  place;  the  luminous  intensity  cor- 
responding to  this  obliquity  is  a  little  less 
than  half  that  of  the  undifliracted  light. 
M  >■  J-       "S  If  the  marginal  distance  is  one  and  a  half 

Fij  5j,  undulations,  ne  can,  as  before,  conceive 

the  whole  pencil  divided  into  three  parts, 
of  n'liitii  mo  will  neutralise  each  other,  and  the  third  only  will  beeffeaive. 
There  will  be  a  luminous  band,  but  one  of  less  intensity.  In  like  manner 
where  the  marginal  undulations  differ  by  two  whole  wave-lengths,  they  will 
ag.tin  CNtinguisli  each  other,  and  a  dark  band  will  be  the  result.  Thus  there 
will  be  formed  a  series  of  alternate  darkandbright  bands  of  rapidly  diminish- 
ing intensity.  In  general,  ulien  the  difference  of  path  of  the  rays  proceeding 
from  the  margin  of  the  slit  amounts  to  «  wave-lengths,  «  being  any  whole 
number,  we  li.nc  a  dark  band,  and  when  it  amounts  to  «  +  J  wave-lengths,  a 
bright  iiand. 

The  phenomena  of  diffiaction  produced  when  other  than  straight  lines  are 
used  are  often  of  great  beauty.  They  have  been  more  particularly  examined 
by  ,Sch«erdt,  and  the  whole  of  the  phenomena  are  in  exact  accordance  with 
the  undulatory  theorj',  though  the  explanation  is  in  many  cases  somewhat 
intricate.  The  theory  renders  it  possible  to  predict  the  appearance  which 
any  ]>ai-ticular  aperture  will  produce,  just  as  astronomy  enables  us  to  foretell 
the  motions  of  the  heavenly  bodies.  Some  of  the  simpler  forms — such  as 
straight  lines,  triangles,  squares — may  be  cut  out  of  tinfoil  pasted  on  glass, 
and  apertures  of  any  form  may  be  produced  with  great  accuracy  by  taking 
on  1,'lass  a  collodion  photograph  of  a  sheet  of  paper,  on  which  the  required 
shapes  are  draun  in  bhick. 

Looking  through  any  of  these  apertures  at  aluminous  point,  we  seeit  sur- 
rounded with  coloured  spectra  of  very  various  forms,  and  of  great  beauty. 
Tiie  beautiful  colours  seen  on  looking  through  a  bird's  feather  at  a  distant 
sojjcre  of  light,  and  the  colours  of  striated  surtaces,  such  as  mother-of-pe.irl, 
ate  dee  to  a  sijnilar  cause.  A  beautiful  phenomenon  of  the  same  kind  is  the 
auieo'e  ob-ii^rved  on  looking  at  a  candle  dame  through  lycopodium  powder 


Diffraction  Spectra. 

64S.  nufrkctiaii  Speetrm.— The  mosi  important  of  ihese  figures  are  ihe 
gratiHgi proper,  whiih  may  be  produced  by  arranging  a  series  of  fine  wires 
parallel  lo  each  other,  or  by  cnierul  ruling  on  a  piece  of  sijioked  glass,  or  by 
photographic  reduction.  Nobcn  has  made  such  gratings  by  ruling  lines  on 
i;lass  with  a  diamond,  in  which  there  are  no  less  than  12,000  lines  in  an  inch 
in  breadth.  Dr,  Stone  has  consirucled  such  gratings  for  reflection,  by  ruling 
lines  on  plates  of  nickel ;  this  metal  has  the  advantage  of  hardness,  non- 
liability to  tarnish,  and  great  reflecting  power. 

ir  a  grating  be  used  instead  of  a  single  shi,  els  above  described,  the 
phenomena  arc  in  general  the  same,  though  of  greater  brilliancy.  With 
homogeneous  light  and  such  a  grating,  there  is  seen,  on  each  side  of  the^ 
ctniral  bright  line,  a  series  of  sharply  defined  narrow  bands  and  lines  of 
li);h(,  gradually  increasing  in  breadth  and  diminishing  in  intensity  as  (he 
distance  from  the  central  line  increases.     If  white  light  be  used  there  is  set 

liii|i|i|iNII 
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then  in  the  centre,  the  while  band,  and  on  each  side  ol  it  a  sharply  delined 
isolated  spectrum  with  the  violet  edges  inwards.  Next  to  this,  and  separated 
by  a  dark  interval,  is  on  each  side  a  somewhat  broader  but  similar  spectrum, 
SDd  then  follow  others  which  become  fainter  and  broader  and  overlap 
each  other.  The  brightness  and  sharpness  of  ihese  spectra  depend  on  the 
(loseness  of  the  lines,  and  on  the  opacity  of  the  intermediate  space.  In 
those  which  are  ruled  by  diamond  on  glass,  the  parts  scratched  represent 
■he  opaque  parts. 

For  objective  representation  the  image  of  a  slit  in  a  dark   shutter, 
through  which  the  sunlight  enters,  is  focussed  by  means  of  a  convex  lens 
.  a  distance,  and  then  a  grating  is  placed  in  the  path  of  the 


rays. 


e  known  as  inlerjerence 

■\  nou'  be  easily  and  cheaply    1 

:  for  scientific  purposes  it 


TTie  spectra  produced  by  means  of  a  graiin 
dijfriulion  spectra.     Very  accurate  gratings  c: 
prepated  by  means  of  photography,  and  their  u 
extending. 

There  are  many  points  of  diflerence  between  these  spectra  and  those 
produced  by  the  prism,  and  for  scientific  work  the  foimer  are  preferable. 

A  diffraction  spectrum  is  the  purer  the  greater  the  number  of  lines  in  th 
Brating,  provided  they  are  equidistant.    The  spectra  are,  V\(i*e\Wiftc\  wvo^l 
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than  Y5  as  bright  as  prismatic  spectra  ;  and  to  obtain  the  maximum  bright- 
ness the  opaque  intervals  should  be  as  opaque  and  the  transparent  ones  as 
transparent  as  possible. 

On  the  other  hand,  in  diffraction  spectra,  the  colours  are  uniformly  dis- 
tributed in  their  true  order  and  extent  according  to  the  difference  in  their 
wave-lengths,  and  according  therefore  to  a  property  which  is  inherent  in  the 
light  itself ;  while  in  prismatic  spectra  the  red  rays  are  concentrated,  and 
the  violet  ones  dispersed.  In  diffraction  spectra  the  centre  is  the  brightest 
part. 

f^^&-  555  represents  a  grating  spectrum,  together  with  an  equally  long 
spectrum  produced  by  a  flint-glass  prism  ;  the  upper  being  that  produced  by 
the  grating.  It  will  be  seen  that  D  in  the  one  spectrum  is  almost  in  exactly 
the  same  position  as  F  in  the  other. 

Diffraction  spectra  have,  moreover,  the  advantage  of  giving  a  far  larger 
number  of  dark  lines,  and  of  giving  them  in  their  exact  relative  positions. 
Thus,  in  a  particular  region  in  which  Angstrom  had  mapped  Ii8  lines. 
Draper,  by  means  of  a  diffraction  spectrum,  was  able  to  photograph  at  least 
293.  Diffraction  spectra  also  extend  farther  in  the  direction  of  the  ultra- 
violet, and  give  more  dark  lines  in  that  region. 

The  most  perfect  gratings  have  quite  recently  been  constructed  by 
Professor  Rowland,  of  Baltimore,  by  means  of  a  machine  specially  planned 
and  constructed  for  the  purpose,  and  the  chief  feature  in  which  is  a  practi- 
cally perfect  screw.  Using  this  machine,  he  has  been  able  to  rule  gratings 
with  as  many  as  43,000  lines  to  the  inch,  nor  does  this  represent  the  limit  of 
the  power  of  the  machine.  Gratings  with  14,000  or  28,000  lines  give,however, 
the  best  definition.  Another  great  improvement  is  to  rule  the  gratings  on 
spherical  instead  of  on  flat  surfaces  ;  in  this  way  the  spectrum  can  be  formed 
without  a  telescope,  which  is  a  matter  of  great  importance,  as  telescopes 
interfere  with  a  great  many  experiments.  The  spectroscope  is  thus  reduced 
to  its  simplest  form,  so  that  an  instrument  of  very  high  power  may  be  con- 
structed at  a  small  cost. 

By  means  of  his  gratings  Professor  Rowland  has  been  able  to  lesolve 
lines  in  the  spectrum  which  had  never  hitherto  been  separated. 

649.  BeterminatloB  of  wave-leiiirth. — The  relative  positions  of  these 
bright  and  dark  lines  furnish  a  means  of  calculating  the  wave-length  or 
length  of  undulation  of  any  particular  colour.  We  must  first  of  all  know 
the  distance  rs  of  the  first  dark  band  from  the  bright  one.  The  bands  arc 
not  uniform  in  brightness  or  darkness,  but  theie  is  in  each  case  a  position  of 
maximum  intensity,  and  it  is  from  these  that  the  distances  are  measured. 
If  the  bands  are  viewed  through  a  telescope  the  angle  is  observed  through 
which  the  axis  must  be  turned  from  the  position  in  which  the  cross  wire 
coincides  with  the  centre  of  the  bright  band  to  that  in  which  it  coincides 
with  the  centre  of  the  dark  band.  From  the  angle,  which  can  be  very  ac- 
curately measured,  the  distance  is  easily  calculated.  When  the  diflfi-action 
bands  are  received  on  a  screen,  the  distance  may  be  directly  measured,  and 
most  accurately  by  taking  half  the  distance  between  the  centres  of  the  first 
pair  of  dark  bands. 

We  have  thus  the  similar  triangles  abc,  and  rds,  in  which  ac  \  bc^rs  i  rd 
(fig.  554).     Now  be  maybe  taken  equal  to  rt^,the  width  of  the  slit,  which  can 
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be  measured  directly  with  great  accuracy  by  means  of  a  micrometric  screw 
(I  i),  and  rd  is  the  distance  of  the  screen.     Hence 

* 

rs  X  ab 


ac 


rd 


Now  or,  the  difference  between  as  and  sc^  is  equal  to  the  length  of  an  undu- 
lation of  this  particular  colour.  In  one  experiment  with  red  light  the  width 
of  the  slit  cUf  was  0-015  i*^-*  ^^  distance  rj  0*15  in.,  and  the  distance  of  the 

screen  93  in.,  which  gave  ac=  Q  '5  xoo^S  0*000024  in.  as  the  wave-length 

93 
of  red  light.     Using  blue  light  the  distance  of  rs  was  found  to  be  o-i,  which 
gives  0*000016. 

Knowing  the  length  of  the  undulations,  we  can  easily  calculate  their 

number  in  a  second,  «,  from  the  formula  n^-  (232),  where  v  is  the  velocity 

of  light.  Taking  this  at  186,000  miles,  we  get  for  the  red  corresponding  to 
the  dark  line  B  434,420,000,000,000  as  the  number  of  oscillations  in  a  second, 
and  for  the  H  in  the  violet  758,840,000,000,000  undulations. 

If,  instead  of  a  single  slit,  gratings  be  used,  we  have  the  possibility  of 
more  accurate  results,  for  the  contrast  is  greater,  and  thus  the  distance  is 
more  easily  determined.  The  breadth  of  the  slit  is  then  easily  calculated  if 
we  know  the  number  of  lines  in  a  given  space. 

650.  Colours  of  thin  plates.  Wewton's  rlnrs. — All  transparent  bodies, 
solids,  liquids,  or  gases,  when  in  sufficiently  fine  laminse,  appear  coloured 
with  very  bright  tints,  especially  by  reflection.  Crystals  which  cleave  easily, 
and  can  be  obtained  in  very  thin  plates,  such  as  mica  and  selenite,  show  this 
phenomenon,  which  is  also  well  seen  in  soap-bubbles  and  in  the  layers  of  air 
in  cracks  in  glass  and  in  crystals.  A  drop  of  oil  spread  rapidly  over  a  large 
sheet  of  water  exhibits  all  the  colours  of  the  spectrum  in  a  constant  order.  A 
soap-bubble  appears  white  at  6rst,  but,  in  proportion  as  it  is  blown  out, 
brilliant  iridescent  colours  appear,  especially  at  the  top,  where  it  is  thinnest. 
These  colours  are  arranged  in  horizontal  zones  around  the  summit,  which 
appears  black  when  there  is  not  thickness  enough  to  reflect  light,  and  the 
bubble  then  suddenly  bursts. 

Newton,  who  first  studied  the  phenomena  of  the  coloured  rings  in  soap- 
bubbles,  wishing  to  investigate  the  relation  between  the  thickness  of  the 
thin  plate,  the  colour  of  the 
rings,  and  their  extent,  pro- 
duced them  by  means  of  a 
layer  of  air  interposed  be- 
tween two  glasses,  one  plane 

and  the  other  convex,  and  Pig  ^^^^ 

with  a  very  long  focus  (fig. 
556).  The  two  surfaces  being  cleaned  and  exposed  to  ordinary  light  in 
front  of  a  window,  so  as  to  reflect  light,  there  is  seen  at  the  point  of  contact 
a  black  spot  surrounded  by  six  or  seven  coloured  rings,  the  tints  of  which 
become  gradually  less  strong.  If  the  glasses  are  viewed  by  transmitted 
light,  the  centre  of  the  rings  is  white,  and  each  of  the  colours  is  exactly 
complementary  of  that  of  the  rings  by  reflection. 
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With  homogeneous  light,  red  for  example,  the  rings  arc  successively 
black  and  red  ;  the  diameters  of  corresponding  rings  are  less  as  the  colour 
is  more  refrangible,  but  with  white  light  the  rings  are  of  the  different  colours 
of  the  spectrum,  which  arises  from  the  fact  that,  as  the  rings  of  the  diflferent 
simple  colours  have  different  diameters,  they  are  not  exactly  superposed,  but 
are  more  or  less  separated. 

If  the  focal  length  of  the  lens  is  from  three  to  four  yards,  the  rings  can  be 
seen  with  the  naked  eye ;  but  if  the  length  is  less,  the  rings  must  be  looked 
at  with  a  lens. 

651.  Bxplanatlon  of  WewtoB*s  rinrs- — Newton's  rings,  and  all  pheno- 
mena of  thin  plates,  are  simple  cases  of  interference. 

In  fig.  557,  let  MNOP  represent  a  thin  plate  of  a  transparent  body,  on 
which  a  pencil  of  parallel  rays  of  homogeneous  light,  aby  impinges  :  this  will 

be  partially  reflected  in  the  direction  bCy  and  partially 
refracted  towards  d.  But  the  refracted  ray  will  un- 
dergo a  second  reflection  at  the  surface,  OP  ;  the  re- 
flected ray  will  emerge  at  e  in  the  same  direction  as 
the  pencil  of  light  reflected  at  the  first  surface  ;  and 
consequently  the  two  pencils  be  and  ^will  destroy  or 
augment  each  other's  effect  according  as  they  are  in 
the  same  or  different  phases.  We  shall  thus  have  an 
effect  produced  similar  to  that  of  the  fringes. 

It  is  usual  to  speak  of  the  successive  rings  as  the 
first,  second,  third,  &c.  By  theyfrj/  ring  is  understood 
that  of  least  diameter.  Knowing  the  radius  of  any 
particular  ring,  p,  and  the  radius  of  curvature,  R,  of  the  lens,  the  thickness,  //, 
of  the  corresponding  layer  of  air  is  given  approximately  by  the  formula 

Newton  found  that  the  thicknesses  corresponding  to  the  successive  dark 

rings  are  proportional  to  the  numbers  o,  2,  4,  6 ,  while  for  the 

bright  rings  the  thicknesses  were  proportional  to  i,  3,  5 He  found 

that  for  the  first  bright  ring  the  thickness  was  jyg\jyy  of  an  inch,  when  the 
light  used  was  the  brightest  part  of  the  spectrum  ;  that  is,  the  part  on  the 
confines  of  the  orange  and  yellow  rays. 


A.  !t/ 


fig.  557- 


POLARISATION   OF   LIGHT. 

652.  PolarlsatloB  by  double  refk^aotton. — It  has  been  already  seen  that 
when  a  ray  of  light  passes  through  a  cr>'stal  of  Iceland  spar  (641),  it  becomes 
divided  into  two  rays  of  equal  intensity  ;  viz.  the  ordinary  ray,  and  the  ex- 
traordinary ray.  These  rays  are  found  to  possess  other  peculiarities,  which 
are  expressed  by  saying  they  are  polarised ;  namely,  the  ordinary  ray  in  a 
principal  plane,  and  the  extraordinary  ray  in  a  plane  at  right  angles  to  a 
principal  plane.  The  phenomena  which  are  thus  designated  may  be  de- 
scribed as  follows  : — Suppose  a  ray  of  light  which  has  undergone  ordinary 
refraction  in  a  cr>stal  of  Iceland  spar,  to  be  allowed  to  pass  through  a  second 
crystal,  it  will  generally  be  divided  into  two  rays  ;  namely,  one  ordinary,  and 
the  other  extraordinary,  but  o{  unequal  intensities.  If  the  second  crystal 
be  turned  round  until  the  two  principal  planes  coincide — that  is,  until  the 
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crystals  are  in  similar  or  in  opposite  positions — then  the  extraordinary  ray 
disappears,  and  the  ordinary  ray  is  at  its  greatest  intensity ;  if  the  second 
crystal  is  turned  farther  round,  the  extraordinary  ray  reappears,  and  increases 
in  intensity  as  the  angle  increases,  while  the  ordinary  ray  diminishes  in  in- 
tensity until  the  principal  planes  are  at  right  angles  to  each  other,  when  the 
extraordinary  ray  is  at  its  greatest  intensity,  and  the  ordinary  ray  vanishes. 
These  are  the  phenomena  produced  when  the  ray  which  experienced  ordi- 
nary refraction  in  the  first  crystal  passes  through  the  second.  If  the  ray 
which  has  experienced  extraordinary  refraction  in  the  first  crystal  is  allowed 
to  pass  through  the  second  crystal,  the  phenomena  are  similar  to  those  above 
described  ;  but  when  the  principal  planes  coincide,  an  extraordinary  ray  alone 
emerges  from  the  second  crystal,  and  when  the  planes  are  at  right  angles,  an 
ordinary  ray  alone  emerges. 

These  phenomena  may  also  be  thus  described  :— Let  O  and  E  denote 
the  ordinary  and  extraordinary  rays  produced  by  the  first  crystal.  When 
O  enters  the  second  crystal,  it  generally  gives  rise  to  two  rays,  an  ordinary 
iOo\  and  an  extraordinary  (O^),  of  unequal  intensities.  When  E  enters  the 
second  crystal,  it  likewise  gives  rise  to  two  rays,  viz.  an  ordinary  (E^)  and 
an  extraordinary  (E^),  of  unequal  intensities,  the  intensities  varying  with 
the  angle  between  the  principal  planes  of  the  crystals.  When  the  principal 
planes  coincide,  only  Xy^o  rays,  viz.  Oo  and  E;»,  emerge  from  the  second 
crystal,  and  when  the  planes  are  at  right  angles,  only  two  rays,  viz.  O^  and 
E^>,  emerge  from  the  second  crystal.  Since  O  g^ves  rise  to  an  ordinary  ray 
when  the  principal  planes  are  parallel,  and  E  gives  rise  to  an  ordinary  ray 
when  they  are  at  right  angles,  it  is  manifest  that  O  is  related  to  the  principal 
plane  in  the  same  manner  that  E  is  related  to  a  plane  at  right  angles  to  a 
principal  plane. 

This  phenomenon,  which  is  produced  by  all  double-refracting  cr>'stals, 
was  observed  by  Huyghens  in  Iceland  spar,  and  in  consequence  of  a 
suggestion  of  Newton's  was  afterwards  called 
polarisation,  1 1  remai ned ,  however,  an  i solated 
fact  until  the  discovery  of  polarisation  by  re- 
fleaion  recalled  the  attention  of  physicists  to 
the  subject.  The  latter  discovery  was  made  by 
Malus  in  1808. 

653.  VolarlMitioii  by  refleetton. — When 
a  ray  of  light,  ab  (fig.  558),  falls  on  a  polarised 
unsilvered  glass  surface,  fghi,,  inclined  to  it  at 
an  angle  of  35°  25',  it  is  reflected,  and  the 
reflected  ray  is  polarised  in  the  plane  of  re- 
flection. If  it  were  transmitted  through  a 
crystal  of  Iceland  spar,  it  would  pass  through 
without  bifurcation,  and  undergo  an  ordinary  ^^ 
refraction,  when  the  principal  plane  coincides 
with  the  plane  of  reflection  ;  it  would  also  be 
transmitted  without  bifurcation,  but  undergo 
extraordinary  refraction,  when  the  principal  plane  is  at  right  angles  to  the 
plane  of  reflection  ;  in  other  positions  of  the  crystal  it  would  give  rise  to  an 
ordinary  and  an  extraordinary  ray  of  different  intensities,  according  la  \V.^ 
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angle  between  the  plane  of  reflection  and  the  principal  plane  of  the  crystal. 
The  peculiar  property  which  the  light  has  acquired  by  reflection  at  the  sur- 
face fghi  can  also  be  exhibited  as  follows  ; — ^Lei  the  polarised  ray  be  be 
received  at  c,  on  a  second  surfa.ce  of  unsilvered  glass,  at  the  same  an^e,viz. 
35°  25'.  If  the  surfaces  are  parallel,  the  ray  is  reflected ;  but  if  the  second 
plate  is  caused  to  turn  round  cb,  the  intensity  of  the  reflected  ray  continually 
diminishes,  and  when  the  glass  surfaces  are  at  right  angles  to  each  other,  no 
light  is  reflected.  By  continuing  to  turn  the  upper  mirror  the  intensity  of 
the  reflected  ray  gradually  increases,  and  attains  a  maximum  value  when  the 
surfaces  are  again  parallel. 

The  above  statement  will  serve  to  describe  the  phenomenon  of  polarisa- 
tion by  reflection  so  far  as  the  principles  are  concerned ;  the  apparatus  best 
adapted  for  exhibiting  the  phenomenon  will  be  described  farther  on. 

654.  Ansia  of  volarlBBlton. — ^The  polarising  angle  of  a  substance  is  the 
angle  which  the  incident  ray  must  make  with  the  normal  to  a  plane  polished 
surface  of  that  substance  in  order  that  the  polarisation  be  complete.  For 
glass  this  angle  is  54°  35',  and  if  in  the  preceding  experiment  the  lower 
mirror  were  inclined  at  any  other  angle  than  this,  the  light  would  not  be 
completely  polarised  in  any  position  ;  this  would  be  shown  by  its  being 
partially  reflected  from  the  upper  surface  in  all  positions.  Such  light  is 
said  to  be  parliitlly  polarised.  The  polarising  angle  for  water  is  52°  45' ; 
for  quart!,  57'  32' ;  for  diamond,  68''  ;  and  it  is  56°  30'  for  obsidian,  a  kind 
of  volcanic  glass  which  is  often  used  in  these  experiments. 

Light  which  is  reflected  from  the  surface  of  water,  from  a  slate  roof,  from 
a  polished  table,  or  from  oil  paintings,  is  all  more  or  less  polarised.  The 
ordinary  light  of  the  atmosphere  is  frequently  polarised,  especially  in  the 
earlier  and  later  periods  of  the  day,  when  the  solar  rays  fall  obliquely  on 
the  atmosphere.  Almost  all  reflecting  surfaces  may  be  used  as  polarising 
mirrors.     Metallic  surfaces  form,  however,  an  important  exception. 

Brewster  has  discovered  the  following  remarkably  simple  law  in  reference 
to  the  polarising  angle  : — 

The  polarising  angle  of  a  substance  is  that  angle  of  incidence  for  wkith 


the  reflected  polarised  ray 


As  the  'refractivi 


gkt  angles  to  the  refracted  ray. 

Thus,  in  fig,  559,  if  si  is  the  incident,  ir 
the  refracted,  and  if  the  reflected  ray,  the 
polarisation  is  most  complete  when  _/f  is  at 
right  angles  to  ir. 

The  plane  of  polat  iiation  is  the  plane  of 
reflection  in  which  the  light  becomes  polar- 
ised ;  it  coincides  with  the  plane  of  inci- 
dence, and  therefore  contains  the  polarising 

A  simple   geometrical    consideration    will 
show  that   the   above   law  may  be   thus  ex- 
pressed :—  The  tangent  of  the  angle  of  polarisa- 
tion of  a  substance  is  equal  to  its  refractive 
index  diflers  with  the  different  colours,  it  follows 


ingle  of  polarisation  cat 
s  why  a  ray  of  white  light  \i 


t  be  the  same  for  all  colours, 
mpletely  polarised. 


This 
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655.  F^tariMitloa  bj  •iarle  reflraetton.— When  an  unpolarised  lu- 
minous ray  falls  upon  a  glass  plate  placed  at  the  polarising  angle,  one  part 
is  reflected ;  the  other  part  in  passing  through  the  glass  becomes  refracted, 
and  the  transmitted  light  is  now  found  to  be  partially  polarised.  If  the  light 
which  has  passed  through  one  plate,  and  whose  polarisation  is  very  feeble, 
be  transmitted  through  a  second  plate  parallel  to  the  first,  the  effects  become 
more  marked,  and  by  ten  or  twelve  plates  are  tolerably  complete.  A  bundle 
of  such  plates,  for  which  the  best  material  is  the  glass  used  for  covering 
microscopic  objects,  fitted  in  a  tube  at  the  polarising  angle,  is  frequently 
used  for  examining  or  producing  polarised  light. 

If  a  ray  of  light  fall  at  any  angle  on  a  transparent  medium,  the  same 
hdds  good  with  a  slight  modification.  In  fact,  part  of  the  light  is  reflected 
and  part  refracted,  and  both  are  found  to  be  partially  polarised,  equal  quan^ 
HHes  in  each  being  polarised^  and  their  planes  of  polarisation  being  at  right 
angles  to  each  other.  It  is,  of  course,  to  be  understood  that  the  polarised 
portion  of  the  reflected  light  is  polarised  in  the  plane  of  reflection,  which  is 
likewise  the  plane  of  refraction. 

656.  Voterlslar  tiuitrameiits. — Every  instrument  for  investigating  the 
properties  of  polarised  light  consists  essentially  of  two  parts — one  for  polaris- 
ing the  light,  the  other  for  ascertaining  or  exhibiting  the  fact  of  light  having 
undergone  polarisation.  The  former  part  is  called  the  polariser,  the  latter 
the  analyser.  Thus  in  art  652  the  crystal  producing  the  first  refraction  is 
lYit  polarisery  that  producing  the  second  refraction  is  the  analyser.  In  art. 
653  the  mirror  at  which  the  first  reflection  takes  place  is  the  polariser,  that 
at  which  the  second  reflection  takes  place  is  the  analyser.  Some  of  the 
most  convenient  means  of  producing  polarised  light  will  now  be  described, 
and  it  will  be  remarked  that  any  instrument  that  can  be  used  as  a  polariser 
can  also  be  used  as  an  analyser.  The  experimenter  has  therefore  consider- 
able liberty  of  selection. 

657.  Worrembert's  apparatus. — The  most  simple  but  complete  instru- 
ment for  polarising  light  is  that  invented  by  Norrembcrg.  It  may  be 
used  for  repeating  most  of  the  experiments  on  polarised  light. 

It  consists  of  two  brass  rods  b  and  d  (fig.  560),  which  support  an  unsil- 
vered  mirror,  /i,  of  ordinary  glass,  movable  about  a  horizontal  axis.  A  small 
graduated  circle  indicates  the  angle  of  inclination  of  the  mirror.  Between 
the  feet  of  the  two  columns  there  is  a  silvered  glass,  /,  which  is  fixed  and 
horizontal.  At  the  upper  end  of  the  columns  there  is  a  graduated  plate,  /*, 
in  which  a  circular  disc,  0,  rotates.  This  disc,  in  which  there  is  a  square 
aperture,  supports  a  mirror  of  black  glass,  ///,  which  is  inclined  to  the  vertical 
at  the  polarising  angle.  An  annular  disc,  ^,  can  be  fixed  at  different  heights 
on  the  columns  by  means  of  a  screw.  A  second  ring,  a,  may  be  moved 
around  the  axis.  It  supports  a  black  screen,  in  the  centre  of  which  there  is 
a  circular  aperture. 

When  the  mirror  n  makes  with  the  vertical  an  angle  of  35°  25',  which  is 
the  complement  of  the  polarising  angle  for  glass,  the  luminous  rays,  S/f, 
which  meet  the  mirror  at  this  angle,  become  polarised,  and  are  reflected  in 
the  direction  np  towards  the  mirror />,  which  sends  them  in  the  direction />//r. 
After  having  passed  through  the  glass,  //,  the  polarised  ray  falls  upon  the 
blackened  glass  m  under  an  angle  of  35°  25',  because  the  mirror  ma.kes 
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exactly  the  same  angle  with  Ihc  vertical.  But  if  the  disc,  o,  to  which  the 
mirror,  m,  is  fiNed,  be  turned  horizontally,  the  intensity  of  the  light  reflected 
from  the  upper  mirror  gradually 
diminishes,  and  totally  disap- 
pears when  it  has  been  moved 
through  90°.  The  position  is 
thai  represented  in  the  diagram  : 
the  plane  of  incidence  on  the 
upper  mirror  is  then  perpendi- 
cular to  the  plane  of  incidence, 
Sit/,  on  the  mirror  n.  When  the 
upper  mirror  is  again  turned,  the 
intensity  of  the  light  increases 
until  it  has  passed  through  iSo°, 
when  it  again  reaches  a  maxi- 

are  then  parallel.  The  same 
phenomena  are  repeated  as  the 
mirror  m  continues  to  be  turned 
in  the  same  direction,  until  it 
again  comes  into  iis  original 
position  ;  the  intensity  of  the 
reflected  light  being  greatest 
when  the  mirrors  are  parallel, 
and  being  reduced  to  zero  when 
they  are  at  right  angles.  If  the 
mirror  m  is  at  a  greater  or  less 
angle  than  3;°  25',  a  certain 
quantity  of  light  is  reflected  in 
all  positions  of  the  plane  of  in- 
"  "■  '""■  cidence. 

658.  TaannMllnfl.— The  primary  form  of  this  crystal  is  a  regular  hex- 
■igonal  prism.  Tourmaline,  as  already  staled,  is  a  negative  uniaxial  crystal, 
and  its  optic  axis  coincides  with  the  axis  of  the  prism.  For  optical  purposes 
A  plate  is  cut  from  it  parallel  to  the  axis.  When  a  ray  of  light  passes 
through  such  a  plate,  an  ordinar)'ray  and  an  extraordinary  ray  are  produced 
polarised  in  planes  at  right  angles  to  each  other ;  viz.  the  former  in  a  plane 
M  right  angles  to  the  plate  parallel  to  the  axis,  and  the  latter  in  a  plane  at 
right  angles  to  the  axis.  The  crj'stal  possesses,  however,  the  remarkable 
property  of  rapidly  absorbing  the  ordinarj'  ray  :  consequently,  when  a  plate 
nf  a  certain  thickness  is  used,  the  extraordinary  ray  alone  emerges — in 
oiher  words,  a  beam  of  common  light  emerges  from  the  plate  of  tourmaline 
polarised  in  a  plane  at  right  angles  to  the  axis  of  the  crystal.  If  the  light 
thus  transmitted  be  viewed  through  another  similar  plate  held  in  a  parallel 
position,  little  change  will  be  observed  excepting  that  the  intensity  of  the 
transmiited  light  will  be  about  equal  to  that  which  passes  through  a'  plate  of 
double  the  thickness;  but  if  the  second  tourmaline  be  slowly  turned,  the 
li^ht  will  become  feebler,  and  will  ultimately  disappear  when  the  axes  of  the 
two  plates  are  at  right  angles. 
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The  objections  to  the  use  of  the  tourmaline  are  that  it  is  not  very  trans- 
parent, and  that  plates  of  considerable  thickness  must  be  used  if  the  polarisa- 
tion is  to  be  complete.  For  unless  the  ordinary  ray  is  completely  absorbed 
the  emergent  light  will  be  only  partially  polarised. 

Herapath  discovered  that  sulphate  of  iodoquinine  has  the  property  of 
polarising  light  in  a  remarkable  degree.  Unfortunately,  it  is  a  very  fragile 
salt,  and  difficult  to  obtain  in  large  crystals. 

659.  J^oable-refraetliir  Frtsm  of  Iceland  mpmat, — When  a  ray  of  light 
passes  through  an  ordinary  rhombohedron  of  Iceland  spar,  the  ordinary  and 
extraordinary  rays  emerge  parallel  to  the  original  ray,  consequently  the 
separation  of  the  rays  is  proportional  to  the  thickness  of  the  prism.  But  if 
the  crystal  is  cut  so  that  its  faces  are  inclined  to  each  other,  the  deviations 
of  the  ordinary  and  extraordinary  rays  will  be  different,  they  will  not  emerge 
parallel,  and  their  separation  will  be  greater  as  their  distance  from  the 
prism  increases.  The  light,  however,  in  passing  through  the  prism  becomes 
decomposed,  and  the  rays  will  be  coloured.  It  is  therefore  necessary  to 
achromatise  the  prism,  which  is  done  by  combining  it  with  a  prism  of 
glass  with  its  refracting  angle  turned  in  the  contrary  direction  (fig.  562).  In 
order  to  obtain  the  greatest  amount  of  divergence,  the  refracting  edges  of 
the  prism  should  be  cut  parallel  to  the  optic  axis,  and  this  is  always  done. 

Let  us  suppose  that  a  ray  of  polarised  light  passes  along 
the  axis  of  the  cylinder  (fig.  562),  and  let  us  suppose  that  the 
cylinder  is  caused  to  turn  slowly  about  its  axis  ;  then  the 
resulting  phenomena  are  exactly  like  those  already  described 
1643).  Generally  there  will  be  an  ordinary  and  extraordinary 
ray  produced,  whose  relative  intensities  will  vary  as  the  tube 
is  turned.  But  in  two  opposite  positions  the  ordinary  ray 
alone  will  emerge,  and  in  two  others  at  right  angles  to  the 
former  the  extraordinary  ray  will  alone  emerge.  When  the 
ordinary  ray  alone  emerges,  the  principal  plane  of  the  crystal — that  is,  a 
plane  at  right  angles  to  its  face,  and  parallel  to  its  refracting  edge — coincides 
with  the  original  plane  of  polarisation  of  the  ray.  Consequently,  by  means 
of  the  prism,  it  can  be  ascertained  both  that  the  ray  is  polarised,  and  like- 
wise the  plane  in  which  it  is  polarised. 

66a  Wleol's  Friun. — The  Nicol's  prism  is  one  of  the  most  valuable 
means  of  polarising  light,  for  it  is  perfectly  colourless,  it  polarises  light  com- 
pletely, and  it  transmits  only  one  beam  of  polarised  light,  the  other  being 
entirely  suppressed. 

It  is  constructed  out  of  a  rhombohedron  of  Iceland  spar,  about  an  inch 
in  height  and  i  of  an  inch  in  breadth.  This  is  bisected  in  the  plane  which 
passes  through  the  obtuse  angles  as  shown  in  fig.  564 ;  that  is,  along  the 
pluTie  acdd  (fig.  550).  The  two  halves  are  then  again  joined  in  the  same 
order  by  means  of  Canada  balsam. 

The  principle  of  the  Nicol's  prism  is  this  :— The  refractive  index  of  Canada 
balsam,  1*549,  is  less  than  the  ordinary  index  of  Iceland  spar  1*654,  but  greater 
than  its  extraordinary  index  1*483.  Hence,  when  a  luminous  ray  SC  (fig. 
564)  enters  the  prism,  the  ordinary  ray  is  totally  reflected  on  the  surface,  c?/^, 
and  takes  the  direction  C^O,  by  which  it  is  refracted  out  of  the  crystal, 
while  the  extraordinary  ray,  C^,  emerges  alone.     Since  the  Nicol's  prism 
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allows  only  the  extraordinary  ray  to  pass,  it  may  be  used,  like  a  tourmaline, 
as  an  analyser  or  as  a  polariser. 

Foucault  replaced  the  layer  of  Canada  balsam  by  one  of  air,  the  two 
prisms  being  kept  together  by  the  mounting.  The  advantage  of  this  is  that 
the  section  ab  (fig.  564)  need  not  be  so  acute,  so  that  the  prism  becomes 
shorter,  and  therefore  cheaper. 


>'ig.  563. 


Fig.  564. 


Nicol's  prism  is  the  most  important  feature  of  most  polarising  apparatus. 
It  is  better  than  the  polarising  mirror  on  account  of  its  more  complete  polar- 
isation, and  has  the  advantage  over  tourmaline  of  giving  a  colourless  field 
of  view. 

661.  Pbysical  theory  of  polarised  Urlit. — The  explanation  of  the  dark 
bands  produced  by  the  interference  of  light  is  stated  in  art.  650  to  resemble 
exactly  that  of  the  formation  of  nodes  and  loops  given  in  art.  276. 

It  might  hence  be  supposed  that  the  vibrations  producing  light  are  quite 
similar  to  those  producing  sound.  But  this  is  by  no  means  the  case.  In 
fact,  no  assumption  is  made  in  art.  652  as  to  the  direction  in  which  the 
vibrating  particles  move,  and  accordingly  the  explanation  is  equally  true 
whether  the  particles  vibrate  in  the  direction  AB,  BA,  or  at  right  angles  to 
AB.  As  a  matter  of  fact,  the  former  is  the  case  with  the  vibrations  produc- 
ing sound,  the  latter  with  the  vibrations  producing  light.  In  other  words, 
the  vibrations  producing  sound  take  place  in  the  direction  of  propagation, 
the  vibrations  producing  light  are  transversal  to  the  direction  of  propaga- 
tion. 

This  assumption  as  to  the  direction  of  the  vibration  of  the  particles  of 
ether  producing  light  is  rendered  necessary,  and  is  justified,  by  the  pheno- 
mena of  polarisation. 

When  a  ray  of  light  is  polarised,  all  the  particles  of  ether  in  that  ray 
vibrate  in  straij^ht  lines  parallel  to  a  certain  direction  in  the  front  of  the 
wave  corresponding  to  the  ray. 

When  a  ray  of  light  enters  a  double-refracting  medium,  such  as  Iceland 
spar,  it  becomes  divided  into  two,  as  we  have  already  seen.  Now  it  can  be 
shown  to  be  in  strict  accordance  with  mechanical  principles  that,  if  a  medium 
possesses  unequal  elasticity  in  different  directions,  a  plane  wave  produced 
by  transversal  vibrations  entering  that  medium  will  give  rise  to  two  plane 
waves  moving  with  different  velocities  within  the  medium,  and  the  vibrations 
of  the  particles  in  front  of  these  waves  will  be  in  directions  parallel  respect- 
ively to  two  lines  at  right  angles  to  each  other.  If,  as  is  assumed  in  the 
undulatory  theory  of  light,  the  ether  exists  in  a  double-refracting  crystal  in 
such  a  state  of  unequal  elasticity,  then  the  two  plane  waves  will  be  formed 
as  above  described,  and  these,  having  different  velocities,  will  give  rise  to 
two  rays  of  unequal  refrangibility  (compare  art.  638).     This  is  the  ph>'sical 
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account  of  the  phenomenon  of  double  refraction.  It  will  be  remarked  that 
the  vibrations  corresponding  to  the  two  rays  are  transversal,  rectilinear,  and 
in  directions  perpendicular  to  each  other  in  the  rays  respectively.  Accord- 
ingly the  same  theory  accounts  for  the  fact  that  the  two  rays  are  both 
polarised,  and  in  planes  at  right  angles  to  each  other. 

It  is  a  point  still  unsettled  whether,  when  a  ray  of  light  is  polarised  with 
respect  to  a  given  plane,  the  vibrations  take  place  in  directions  within  or 
perpendicular  to  that  plane.  Fresnel  was  of  the  latter  opinion.  It  is,  how- 
ever, convenient  in  some  cases  to  regard  the  plane  of  polarisation  as  that 
plane  in  which  the  vibrations  take  place. 

COLOURS  PRODUCED   BY  THE  INTERFERENCE  OF   POLARISED   LIGHT. 

662.  &aws  oftlie  iaterfer«nee  of  polaiised  rays. — After  the  discovery 
of  polarisation,  Fresnel  and  Arago  tried  whether  polarised  rays  presented 
the  same  phenomena  of  interference  as  ordinary  rays..  They  were  thus  led 
to  the  discovery  of  the  following  laws  in  reference  to  the  interference  of 
polarised  light,  and,  at  the  same  time,  of  the  brilliant  phenomena  of  colora- 
tion, which  will  be  presently  described  : — 

I.  When  two  rays  polarised  in  the  same  plane  interfere  with  each  other, 
they  produce,  by  their  interference,  fringes  of  the  very  same  kind  as  if  they 
were  common  light. 

II.  When  two  rays  of  light  are  polarised  at  right  angles  to  each  other, 
they  produce  no  coloured  fringes  in  the  same  circumstances  under  which 
two  rays  of  common  light  would  produce  them.  When  the  rays  are  po- 
larised in  planes  inclined  to  each  other  at  any  other  angles,  they  produce 
fringes  of  intermediate  brightness  ;  and,  if  the  angle  is  made  to  change,  the 
fringes  gradually  decrease  in  brightness  from  o^  to  90°,  and  are  totally 
obliterated  at  the  latter  angle. 

III.  Two  rays  originally  polarised  in  planes  at  right  angles  to  each  other 
may  be  subsequently  brought  into  the  same  plane  of  polarisation  without 
acquiring  the  power  of  forming  fringes  by  their  interference. 

IV.  Two  rays  polarised  at  right  angles  to  each  other,  and  afterwards 
brought  into  the  same  plane  of  polarisation,  produce  fringes  by  their  inter- 
ference like  rays  of  common  light,  provided  they  originated  in  a  pencil  the 
whole  of  which  was  originally  polarised  in  any  one  plane. 

V.  In  the  phenomena  of  interference  produced  by  rays  that  have  suffered 
douUe  refraction,  a  difference  of  half  an  undulation  must  be  allowed,  as  one 
of  the  pencils  is  retarded  by  that  quantity,  from  some  unknown  cause. 

663.  BflSeet  produced  by  eaasiar  ^  Fonell  of  polarised  rays  to  tra- 
▼erao  a  double-reflraetlnr  ersrstal.— The  following  important  experiment 
may  be  made  most  conveniently  by  Norremberg's  apparatus  (fig.  560).  At 
^(fig.  561)  there  is  a  Nicol's  prism.  A  plate  of  a  double-refracting  crystal 
cut  parallel  to  its  axis  is  placed  on  the  disc  at  e.  In  the  first  place,  however, 
suppose  the  plate  of  the  crystal  to  be  removed.  Then,  since  the  Nicol's 
prism  allows  only  the  extraordinary  ray  to  pass  when  it  is  turned  so  that  its 
principal  plane  coincides  with  the  plane  of  reflection,  no  light  will  be  trans- 
mitted (660).  Place  the  plate  of  doubly  refracting  crystal,  which  is  supposed 
to  be  of  moderate  thickness,  in  the  path  of  the  reflected  ray  at  r.     Light  is 
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now  transmitted  through  the  Nicol's  prism.  On  turning  the  plate,  the 
intensity  of  the  transmitted  light  varies ;  it  reaches  its  maximum  when  the 
principal  plane  of  the  plate  is  inclined  at  an  angle  of  45°  to  the  plane  of 
reflection,  and  disappears  when  these  planes  either  coincide  with  or  are  at 
right  angles  to  each  other.  The  light  in  this  case  is  white.  The  interposed 
plate  may  be  called  the  depolarising  plate.  The  same  or  equivalent  phe- 
nomena are  produced  when  any  other  analyser  is  used.  Thus,  assume  the 
double-refracting  prism  to  be  used.  Suppose  the  depolarising  plate  to  be 
removed.  Then,  generally,  two  rays  are  transmitted ;  but  if  the  principal 
plane  of  the  analyser  is  turned  in  the  plane  of  primitive  polarisation,  the 
ordinary  ray  only  is  transmitted,  and  then,  when  turned  through  90®,  the 
extraordinary  ray  only  is  transmitted.  Let  the  analyser  be  turned  into 
the  former  position,  then,  when  the  depolarising  plate  is  interposed,  both 
ordinar>-  and  extraordinary  rays  are  seen,  and  when  the  depolarising  plate 
is  slowly  turned  round,  the  ordinary^  and  extraordinary  rays  are  seen  to  vary 
in  intensity,  the  latter  vanishing  when  the  principal  plane  of  the  polarising 
plate  either  coincides  with,  or  is  at  right  angles  to,  the  plane  of  primitive 
polarisation. 

664.  Bffeot  produced  wben  tbe  plate  of  crystal  Is  Terj*  thin. — In 
order  to  exhibit  this,  take  a  thin  film  of  seleniie  or  mica  between  the  twen- 
tieth and  sixtieth  of  an  inch  thick,  and  interpose  it  as  in  the  last  article.  If 
the  thickness  of  the  film  is  uniform,  the  light  now  transmitted  through  the 
analyser  will  be  no  longer  white,  but  of  a  uniform  tint ;  the  colour  of  the 
tint  being  different  for  different  thicknesses — for  instance,  red,  or  green,  or 
blue,  or  yellow,  according  to  the  thickness  ;  the  intensity  of  the  colour  de- 
pending on  the  inclination  of  the  principal  plane  of  the  film  to  the  plane  of 
reflection,  being  greatest  when  the  angle  of  inclination  is  45°.  Let  us  now 
suppose  the  crj'stalline  film  to  be  fixed  in  that  position  in  which  the  light  is 
brightest,  and  suppose  its  colour  to  be  red.  Let  the  analyser  (the  Nicol's 
prism)  be  turned  round,  the  colour  will  grow  fainter,  and  when  it  has  been 
turned  through  45°,  the  colour  disappears,  and  no  light  is  transmitted  ;  on 
turning  it  further,  the  complementary  colour,  j^^^^/f,  makes  its  appearance, 
and  increases  in  intensity  until  the  analyser  has  been  turned  through  90^ ; 
after  which  the  intensity  diminishes  until  an  angle  of  135°  is  attained,  when 
the  light  again  vanishes,  and,  on  increasing  the  angle,  it  changes  again  into 
red.  Whatever  be  the  colour  proper  to  the  plate,  the  same  series  of  pheno- 
mena will  be  observed,  the  colour  passing  into  its  complementary  when  the 
analyser  is  turned.  That  the  colours  are  really  complementary  is  proved 
by  using  a  double-refracting  prism  as  analyser.  In  this  case  two  rays  arc 
transmitted,  each  of  which  goes  through  the  same  changes  of  colour  and  in- 
tensity as  the  single  ray  described  above  ;  but  whatever  be  the  colour  and 
intensity  of  the  one  ray  in  a  given  position,  the  other  ray  will  have  the  same 
when  the  analyser  has  been  turned  through  an  angle  of  90°.  Consequently, 
these  two  rays  give  simultaneously  the  appearances  which  are  successively 
presented  in  the  above  case  by  the  same  ray  at  an  interval  of  90°.  If  now 
the  two  rays  are  allowed  to  overlap,  they  produce  white  light  ;  thereby 
proving  their  colours  to  be  complementar>\ 

Instead  of  using  plates  of  different  thicknesses  to  produce  different  tints, 
the  same  plate  may  be  employed  inclined  at  different  angles  to  the  polarised 
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ray.     This  causes  the  ray  to  Irav 
1(1  an  alteration  in  Its  thickness. 

With  the  same  substance,  but  with  plates  of  increasing  thickness,  the 
tints  follow  the  laws  of  tile  colours  of  Newton's  rings  (650).  The  thickness  ^ 
of  the  depolarising  plate  must,  houever,  he  different  from  that  of  the  layer  of 
air  in  the  case  of  Newton's  rings  lo  produce  corresponding  colours.  Thtis 
correspot)ding  colours  are  produced  by  a  plaie  of  mica  and  a  layer  of  a' 
nhen  the  thickness  of  the  former  is  about  400  limes  that  of  the  tatter.  1 
the  case  of  sclcnite  the  thickness  is  about  230  limes,  and  in  the  case  of  Tee- 
land  spar  about  1  j  times,  that  of  the  corresponding  layer 

665.  TlMOFT  of  Itie  pbenomeBR  of  depalKrli»tlaB. — The  phenonieiUL 
described  in  the  last  articles  admit  of  complete  explanation  by  the  undulatory  j 
theory,  but  not  without  the  aid  of  abstruse  mathematical  calculations.    What   1 
follows  will  show  the  nature  of  the  explanation.     Let  us  suppose,  for  con>   I 
venience,  that  in  the  case  of  a  polarised  ray  the  particles  of  ether  vibrate  1 
in  the  plane  of  polarisation  (see  art.  66t),  and  that  the  analyser  is  a  double  \ 
refraaing  prism,  with  its  principal  plane  in  the  plane  of  primitive  polarisof  J 
lion  ;  then  the  vibrations,  being  wholly  in  that  plane,  have  no  icsolvcd  part  in  I 
a  plane  at  right  angles  to  it,  and,  consequently,  no  exlraordinar)'  ray  passes  1 
through  the  analyser;  in  other  words,  only  an  ordinary  ray  passes.     Noif 
lake  the  depolarising  plane  cut  parallel  to  the  axis,  and  let  it  be  interposed  in 
such  a  manner  that  its  principal  plune  makes  any  angle  [S]  with  the  plane 
of  primitive  polarisation.     The  effect  of  this  will  be  to  cause  the  vibrations 
of  the  primitive  ray  to  be  resolved  in  the  principal  plane  and  at  right  angles 
to  the  principal  plane,  thereby  giving  rise  to  an  ordinary  ray  (O),  and  an  ex- 
traordinary ray  (E),  which,  however,  do  not  become  separated  on  account  of 
ihc  thinness  of  the  depolarising  plate.     They  will  not  form  a  single  plane 
polarised  ray  on  leaving  the  plate,  since  they  are  unequally  retarded  in  pass- 
ing through  it,  and  consequently  leave  it  in  different  phases.     Since  neither 
of  the  pljwes  of  polarisation  of  O  and  E  coincides  with  the  principal  plane 
of  the  analyser,  the  vibrations  composing  them  will  again  be  resolved — viz. 
IJ  gives  rise  to  Oo  and  Or,  and  E  gives  rise  to  Eo  and  Ei-.     But  the  vibra- 
tions composing  Qo  and  Eo,  being  in  Ihe  same  phase,  give  rise  to  3  single 
ordinary  ray,  to,  and  in   like  manner  Oe  and  Y.e  give  rise  to  a  single  extra- 
ordinary ray,  \e.     Thus  the  interposition  of  ihe  depolarising  plate  restores 
the  extraordinary  ray. 

Suppose  the  angle  6  to  be  either  0°  or  90°.  In  either  case  the  vibrations 
are  iransmillcd  through  the  depolarising  plate  without  resolution,  conse- 
quently they  remain  wholly  in  the  plane  of  primitive  polarisation,  and  on 
entering  the  analyser  cannot  give  rise  to  an  extraordinary  ray. 

If  the  Nicol's  prism  is  used  as  an  analyser,  the  ordinary  ray  is  suppressed 
by  mechanical  means.     Consequently  only  If  will  pass  through  the  prism, 

and  that  for  all  values  of  0  except  0°  and  90". 

A  little  consideration  will  show  ihat  the  joint  intensities  of  all  the  rays 

eiiMing  al  any  stage  of  the  above  transformations 

but  that  Ihe  intensities  of  the  individual  rays  will  depend  on  the  magnitude 

of  fl  ;  and  when  this  circumstance  is  examined  in  detail,  it  explain. 

ihai  It  increases  in  intensity  as  fl  increases  from  0°  to  45°,  and  then  decreases 

in  intensity  as  fl  increases  from  45°  tc 
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In  regard  to  the  colour  of  the  rays,  it  is  to  be  observed  that  the  formulx 
for  the  intensities  of  \o  and  \e  contain  a  term  depending  on  the  length  of  the 
wave  and  the  thickness  of  the  plate.  Consequently,  when  white  light  is  used, 
'the  relative  intensities  of  its  component  colours  are  changed,  and,  therefore, 
\o  and  I^  will  each  have  a  prevailing  tint,  which  will  be  different  for  different 
thicknesses  of  the  plate.  The  tints  will,  however,  be  complementary,  since, 
the  joint  intensities  of  \o  and  \e  being  the  same  as  that  of  the  original  niy, 
they  will,  when  superimposed,  restore  all  the  components  of  that  ray  in  their 
original  intensities,  and  therefore  produce  white  light. 

666.  Coloured  rtng«  produced  by  polarised  VkghX  la  truTerainy  dooMe- 
refruetinff  lllins.— In  the  experiments  with  Norremberg's  apparatus  which 
have  just  been  described  (663),  a  pencil  of  parallel  rays  traverses  the  film  of 
crystal  perpendicularly  to  its  faces,  and  as  all  parts  of  the  film  act  in  the 
same  manner,  there  is  everywhere  the  same  tint.  But  when  the  incident 
rays  traverse  the  plate  under  different  obliquities,  which  comes  to  the  same 
thing  as  if  they  traversed  plates  differing  in  thickness,  coloured  ring^  are 
formed  similar  to  Newton's  nngs. 

The  best  method  of  observing  these  new  phenomena  is  by  means  of  the 
tourmaline  pincette  (fig.  565).  This  is  a  small  instrument  consisting  of  two 
tourmalines,  cut  parallel  to  the  axis,  each  of  them  being  fitted  in  a  copper 


Fig.  565. 

disc.  These  two  discs,  which  are  perforated  in  the  centre,  and  blackened, 
are  mounted  in  two  rings  of  silvered  copper,  which  is  coiled,  as  shown  in 
the  figure,  so  as  to  form  a  spring,  and  press  together  the  tourmalines.  The 
tourmalines  turn  with  the  disc,  and  may  be  so  arranged  that  their  axes  are 
either  perpendicular  or  parallel. 

The  crystal  to  be  experimented  upon,  being  fixed  in  the  centre  of  a  cork 
disc,  is  placed  between  the  two  tourmalines,  and  the  pincette  is  held  before 
the  eye  so  as  to  view  diffused  light.  The  tourmaline  farthest  from  the  eye 
acts  as  polariser,  and  the  other  as  analyser.  If  the  crystal  thus  viewed  is 
uniaxial,  and  cut  perpendicularly  to  the  axis,  and  a  homogeneous  light- 
red,  for  instance — is  looked  at,  a  series  of  alternately  dark  and  red  rings 
is  seen.  With  another  simple  colour  similar  rings  are  obtained,  but  their 
diameter  decreases  with  the  refrangibility  of  the  colour.  On  the  other 
hand,  the  diameters  of  the  rings  diminish  when  the  thickness  of  the  plates 
increases,  and  beyond  a  certain  thickness  no  more  rings  are  produced. 
If,  instead  of  illuminating  the  rings  by  homogeneous  light,  white  light  be 
used,  as  the  rings  of  the  different  colours  produced  have  not  the  same  dia- 
meter, they  are  partially  superposed,  and  produce  very  brilliant  variegated 
colours. 

The  position  of  the  cr>'stal  has  no  influence  on  the  rings,  but  this  is  not 
the  case  with  the  relative  position  of  the  two  tourmalines.  For  instance, 
m  experimenting  on  Iceland  spar  cut  perpendicular  to  the  a.xis,  and  from  i 
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to  20  millimetres  in  thickness,  when  the  axes  of  the  tourmalines  are  perpen- 
dicular, a  beautiful  series  of  rings  is  seen,  brilliantly  coloured,  and  traversed 
by  a  black  cross, as  shown  in  fig.  i,  Plate  II.  If  the  axes  of  the  tourmalines 
are  parallel,  the  rings  have  tints  complementary  to  those  they  had  at  first, 
and  there  is  a  white  cross  (fig.  2,  Plate  II.)  instead  of  a  black  one. 

In  order  to  understand  the  formation  of  these  rings  when  polarised  light 
traverses  double- refracting  films,  it  must  first  be  premised  that  these  films 
are  traversed  by  a  converging  conical  pencil,  whose  summit  is  the  eye  of  the 
observer.  Hence  it  follows  that  the  virtual  thickness  of  the  film  which  the 
rays  traverse  increases  with  their  divergence;  but  for  rays  of  the  same 
obliquity  this  thickness  is  the  same  ;  hence  there  result  different  degrees  of 
retardation  of  the  ordinary  with  respect  to  the  extraordinary  imy  at  different 
points  of  the  plate,  and  consequently  different  colours  are  produced  at 
different  distances  from  the  axis,  but  the  same  colours  will  be  produced  at 
the  same  distance  from  the  axis,  and  consequently  the  colours  are  arranged 
in  circles  round  the  axis.  The  arms  of  the  black  cross  are  parallel  to  the 
optic  axis  of  each  of  the  tourmalines,  and  are  due  to  an  absorption  of  the 
polarised  light  in  these  directions.  When  the  tourmalines  are  parallel  the 
vibrations  are  transmitted,  and  hence  the  white  cross. 

Analogous  effects  are  produced  with  all  uniaxial  crystals  ;  for  instance, 
tourmaline,  emerald,  sapphire,  beryl,  mica,  pyromorphite,  and  ferroc>'anide 
of  potassium. 

667.  miBffs  la  biaxial  crystals.— In  biaxial  crystals,  coloured  ^ings  are 
also  produced,  but  their  form  is  more  complicated.  The  coloured  bands, 
instead  of  being  circular  and  concentric,  have  the  form  of  curves,  with  two 
centres,  the  centre  of  each  system  corresponding  to  an  axis  of  the  crystal. 
Figs.  4,  5,  and  6,  Plate  II.,  represent  the  curves  seen  when  a  plate  of  either 
cerussite,  topaz,  or  nitre,  cut  perpendicularly  to  the  axis,  is  placed  between 
the  two  tourmalines,  the  plane  containing  the  axis  of  the  crystal  being  in  the 
plane  of  primitive  polarisation.  When  the  axes  of  the  two  tourmalines  are 
at  right  angles  to  each  other,  fig.  4,  Plate  II.,  is  obtained.  On  turning  the 
crystal  without  altering  the  tourmalines,  fig.  5,  Plate  II.,  is  seen,  which 
changes  into  fig.  6,  Plate  II.,  when  the  crystal  has  been  turned  through  45°. 
If  the  axes  of  the  tourmalines  are  parallel,  the  same  coloured  curves  are 
obtained,  but  the  colours  are  complementary,  and  the  black  cross  changes 
into  white.  The  angle  of  the  optic  axis  in  the  case  of  nitre  is  only  5°  20^, 
and  hence  the  whole  system  can  be  seen  at  once.  But  when  the  angle  exceeds 
20°  to  25*^,  the  two  systems  of  curv4»s  cannot  be  simultaneously  seen.  There 
is  then  only  one  dark  bar  instead  of  the  cross,  and  the  bands  are  not  oval, 
but  circular.  Fig.  3,  Plate  II.,  represents  the  phenomenon  as  seen  with 
arragonite. 

Herschel,  who  has  carefully  measured  the  rings  produced  by  biaxial 
crystals,  refers  them  to  the  kind  of  curve  known  in  geometry  as  the  iem- 
niscate^  in  strict  accordance  with  the  principles  of  the  undulatory  theory  of 
light. 

The  observation  of  the  system  of  rings  which  plates  of  crystals  give  in 
polarised  light  presents  a  means  of  distinguishing  between  optical  uniaxial 
and  optical  biaxial  crystals,  even  in  cases  in  which  no  conclusion  can  be 
drawn  as  to  the  system  in  which  a  mineral  crystallises  from  mere'  vcvor^V^- 
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In  this  way,  the  optical  investigaticm  becomes  a  valuable 
aid  in  mineralogy  ;  as,  Tor  example,  in  the  case  of  mica,  of  which  there  at. 
two  mineralogical  species,  the  uniaxial  and  the  biaxial. 

All  the  phenomena  which  have  been  described  are  only  obtained  b)* 
means  of  polarised  light.  Hence,  a  double  refracting  film,  with  either  a 
Nicol's  prism  or  a  tourmaline  as  analyser,  may  be  used  to  distinguish  between 
polarised  and  unpolarised  light ;  that  is,  as  a  polariscope. 

668.  Colonra  produoed  bjr  oanpreased  or  \rj  BnanaaftlAA  Kl>a*- — 
Ordinarj'  glass  is  not  endowed  with  the  power  of  double   refraction.      It 


Kifl.  566. 
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Fig.  568. 


acquires  this  property,  however,  if  by  any  cause  its  elasticity  becomes 
more  modified  in  one  direction  than  in  another.  In  order  to  eflect  this, 
it  may  be  strongly  compressed  in  a  given  direction,  or  it  may  be  curved, 
or  tempered  ;  that  is  to  say,  cooled  after  having  been  heated.  If  the 
glass  is  then  traversed  by  a  beam  of  polarised  light,  effects  of  colour  are 
obtained  which  are  entirely  analogous  to  those  described  in  the  case  of 
doubly  refracting  crystals.  They  are,  however,  susceptible  of  far  greater 
variet)',  according  as  the  plates  of  glass  have  a  circular,  square,  rectangu- 
lar, or  triangular  shape,  and  according  to  the  degree  of  tension  of  their 
panicles. 

When  the  polariser  is  a  mirror  of  black  glass,  on  which  the  light  of  the 
sky  is  incident,  and  the  analyser  is  a  Nicol's  prism,  through  which  the 
glass  plates  traversed  by  polarised  light  are  viewed,  figs.  566,  567,  569 
represent  the  appearances  presented  successively,  when  a  square  plate 
of  compressed  glass  is  turned  in  its  own  plane;  figs.  568  and  y^\  re- 
present the  appearances  produced  by  a  circular  plate  under  the  same 
circumstances  ;  and  fig.  570  that  produced  when  one  rectangular  plate  is 
superposed  en  another.     This  figure  also  varies  when  the  system  (rf  plate* 
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ELLIPTICAL,  CIRCULAR,   AND   ROTATORV   POLARISATION. 

669.  AeflaltioB  or  alliptloal  and  eiroular  polartoatioB. — In  the  cases 
hitherto  considered  the  particles  of  ether  composing  a  polarised  ray  vibrate 
in  parallel  straight  lines  ;  to  distinguish  this  case  from  those  we  are  now  to 
consider,  such  light  is  frequently  q?^^^  plane  polarised  light.  It  sometimes 
happens  that  the  particles  of  ether  describe  ellipses  about  their  positions  of 
rest,  the  planes  of  the  ellipses  being  perpendicular  to  the  direction  of  the 
ray.  If  the  axes  of  these  ellipses  are  equal  and  parallel,  the  ray  is  said  to  be 
elliptical ly polarised.  In  this  case  the  particles  which,  when  at  rest,  occu- 
pied a  straight  line,  are,  when  in  motion,  arranged  in  a  helix  round  the  line 
of  their  original  position  as  an  axis,  the  helix  exchanging  from  instant  to 
instant.  If  the  axes  of  the  ellipses  are  equal,  they  become  circles,  and  the 
light  is  said  to  be  circularly  polarised.  If  the  minor  axes  become  zero,  the 
ellipses  coincide  with  their  major  axes,  and  the  light  becomes  plane  polarised. 
Consequently, //aif^  polarised  light  and  circularly  polarised  light  are  parti- 
cular cases  of  elliptically  polarised  light. 

670.  Tb««r7  of  the  orlcin  of  alllptioal  aad  cireiUar  polarlsatioii. — 
Let  us  in  the  first  place  consider  a  simple  pendulum  (55)  vibrating  in  any 
plane,  the  arc  of  vibration  being  small.  Suppose  that,  when  in  its  lowest 
position,  it  received  a  blow  in  a  direction  at  right  angles  to  the  direction  of 
its  motion,  such  as  would  make  it  vibrate  in  an  arc  at  right  angles  to  its 
arc  of  primitive  vibration,  it  follows  from  the  law  of  the  composition  of 
velocities  (52)  that  the  joint  effect  will  be  to  make  it  vibrate  in  an  arc  inclined 
at  a  certain  angle  to  the  arc  of  primitive  vibration,  the  magnitude  of  the 
angle  depending  on  the  magnitude  of  the  blow.  If  the  blow  communicated 
a  velocity  equal  to  that  with  which  the  body  is  already  moving,  the  angle 
Hould  be  45®.  Next  suppose  the  blow  to  communicate  an  equal  velocity, 
but  to  be  struck  when  the  body  is  at  its  highest  point,  this  will  cause  the 
particle  to  describe  a  circle,  and  to  move  as  a  conical  pendulum.  If  the 
blow  is  struck  under  any  other  circumstances,  the  particle  will  describe  an 
ellipse.  Now  as  the  two  blows  would  produce  separately  two  simple  vibra- 
tions in  directions  at  right  angles  to  each  other,  we  may  state  the  result 
arrived  at  as  follows : — If  two  rectilinear  vibrations  are  superinduced  on 
the  same  particle  in  directions  at  right  angles  to  each  other,  then  :  i.  If 
they  are  in  the  same  and  opposite  phases,  they  make  the  point  describe  a 
rectilinear  vibration  in  a  direction  inclined  at  a  certain  angle  to  either  of 
the  original  vibrations.  2.  But  if  their  phases  differ  by  90^  or  a  quarter 
of  a  vibration,  the  particle  will  describe  a  circle,  provided  the  vibrations  are 
equal.     3.  Under  other  circumstances  the  particle  will  describe  an  ellipse. 

To  apply  this  to  the  case  of  polarised  light.  Suppose  two  rays  ot  light 
polarised  in  perpendicular  planes  to  coincide,  each  would  separately  cause 
the  same  particles  to  vibrate  in  perpendicular  directions.  Consequently — 
I.  If  the  vibrations  are  in  the  same  or  opposite  phases,  the  light  resulting  from 
the  two  rays  is  plane  polarised.  2.  If  the  rays  are  of  equal  intensity,  and 
their  phases  differ  by  90*^,  the  resulting  light  is  circularly  polarised.  3.  Under 
other  circumstances  the  light  is  elliptically  polarised. 

As  an  example,  if  reference  is  made  to  arts.  665  and  C66,  it  will  be  seetv 
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that  the  rays  denoted  by  O  and  E  are  superimposed  in  the  manner  above 
described.  Consequently,  the  light  which  leaves  the  depolarising  plate  is 
elliptically  polarised.  If,  however,  the  principal  plane  of  the  depolarising 
plate  is  turned  so  as  to  make  an  angle  of  45°  with  the  plane  of  primitive 
polarisation,  O  and  E  have  equal  intensities  ;  and  if,  further,  the  plate  is 
made  of  a  certain  thickness,  so  that  the  phases  of  O  and  E  may  ditTer  by 
90°,  or  by  a  quarter  of  a  vibration,  the  light  which  emerges  from  the  plate  is 
circularly  polarised.  This  method  may  be  employed  to  produce  circularly 
polarised  light. 

Circular  or  elliptical  polarisation  may  be  either  righl-kanded  or  Itft- 
kandeH,  or  what  is  sometimes  called  dextrogyrate  and  larwgyrale.  If  the 
observer  looks  along  the  ray  in  the  direction  of  propagation,  from  polar- 
iser  to  analyser,  then,  if  the  panicles  move  in  the  same  direction  as  the  hands 
of  a  watch  with  its  face  to  the  observer,  the  polarisation  is  right-banded. 

671.  rrasBal's  rbomb. — This  is  a  means  of  obtaining  circularly  polarised 
light.  We  have  just  seen  (670)  thai,  to  obtain  a  ray  of  circularly  polarised 
light,  it  is  sufficient  to  decompose  a  ray  of  plane  polarised  light  in  such 
a  manner  as  to  produce  two  rays  of  light  of  equal  intensity  polarised 
in  planes  at  right  angles  to  each  other,  and  differing  in  their  paths  by  a 
quarter  of  an  undulation.  Fresnel  etfected  this  by  means  of  a  rhomb  which 
nved  his  name.  It  is  made  of  glass  ;  its  acute  angle  is  54%  and  its 
36",  If  a  ray  {a.  fig.  572)  of  plane  polarised  light  falls  perpendicu- 
the  face  All,  it  will  undergo  two  total  internal  reflections  at  an  angle 


obtuse 
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,t  K,  and  the  other  at  F,  and  will  emerge  perpendicularly. 
If  the  plane  ABCD  be  inclined  at  an  angle  of 
45^  to  the  plane  of  polarisation,  the  polarised  ray 
will  be  divided  into  two  coincident  rays,  with  their 
planes  of  polarisation  at  right  angles  to  each  other, 
and  it  appears  that  one  of  them  loses  exactly  a 
quarter  of  an  undulation,  so  that  on  emerging  from 
the  rhomb  the  ray  is  circularly  polarised.  If  the  ray 
emerging  as  above  from  Fresnel's  rhomb  is  ex. 
amined.it  will  be  found  to  dilTer  from  plane  polarised 
light  in  this,  that,  when  it  passes  through  a  double 
refracting  prism,  the  ordinary  and  extraordinary 
rays  are  of  equal  intensity  in  all  positions  of  the 
[,.;,  prism.     Moreover,  it   differs   from  ordinary  light  in 

this,  thai,  if  it  passed  through  a  second  rhomb  placed 
parallel  to  the  first,  a  second  quarter  of  an  undulation  will  be  lost,  so  that 
the  parts  of  the  original  plane  polarised  ray  will  differ  by  half  an  undulation, 
and  the  emergent  ray  will  be  plane  polarised  ;  moreover  the  plane  of  polar- 
isation will  be  inclined  at  an  angle  of  45°  to  ABCD,  but  on  the  o/Afr  lidt 
from  the  plane  of  primitive  polarisation. 

673.  mipueal  poIu-lBatlon.— In  addition  to  the  method  already  men- 
tioned (671),  elliptically  polarised  light  is  generally  obtained  whenever  plane 
polarised  light  suffers  reflection.  Polarised  light  reflected  from  metals 
becomes  elliptically  polarised,  thedegreeofellipticity  depending  on  the  direc- 
tion of  the  incident  ray,  and  of  its  plane  of  polarisation,  as  well  as  on  the  nature 
of  the  reflecting  substance.    When  reflected  from  silver,  the  polarisation  is 
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almost  circular,  and  from  galena  almost  plane.  If  elliptically  polarised  light  be 
analysed  by  the  Nicol's  prism,  it  never  vanishes,  though  at  alternate  positions 
it  becomes  fainter;  it  is  thus  distinguished  from  plane  and  from  circular 
polarised  light.  If  analysed  by  Iceland  spar  neither  image  disappears,  but 
they  undergo  changes  in  intensity. 

Light  can  also  be  polarised  elliptically  in  FresneFs  rhomb.  If  the  angle 
between  the  planes  of  primitive  polarisation  and  of  incidence  be  any  other 
than  45®,  the  emergent  ray  is  elliptically  polarised. 

673.  m^tatory  polarUatioii. — Rock  crystal  or  quartz  possesses  a  re- 
markable property  which  was  long  regarded  as  peculiar  to  itself  among  all 
crystals,  though  it  has  been  since  found  to  be  shared  by  tartaric  acid  and  its 
salts,  together  with  some  other  crystalline  bodies.  This  property  is  called 
rotatory  polarisation,  and  may  be  described  as  follows : — Let  a  ray  of 
homogeneous  light  be  polarised,  and  let  the  analyser,  say  a  Nicol's  prism,  be 
turned  till  the  light  does  not  pass  through  it.  Take  a  thin  section  of  a  quartz 
crystal  cut  at  right  angles  to  its  axis,  and  place  it  between  the  polariser  and 
the  analyser  with  its  plane  at  right  angles  to  the  rays.  The  light  will  now 
pass  through  the  analyser.  The  phenomenon  is  not  the  same  as  that  pre- 
viously described  (663),  for,  if  the  rock  cr>'stal  is  turned  round  its  axis,  no 
effect  is  produced,  and  if  the  analyser  is  turned,  the  ray  is  found  to  h^  plane 
polarised  in  a  plane  inclined  at  a  certain  angle  to  the  plane  of  primitive 
polarisation.  If  the  light  is  red,  and  the  plate  i  millimetre  thick,  this  angle 
is  about  17°.  In  some  specimens  of  quartz  the  plane  of  polarisation  is 
turned  to  the  right  hand,  in  others  to  the  left  hand.  Specimens  of  the 
former  kind  are  said  to  be  right-handed,  those  of  the  latter  kind  left-handed. 
TTiis  difference  corresponds  to  a  difference  in  crystallographic  structure. 
The  property  possessed  by  rock  cr>'stal  of  turning  the  plane  of  polarisation 
through  a  certain  angle  was  thoroughly  investigated  by  Biot,  who,  amongst 
other  results,  arrived  at  this  :— For  a  given  colour  the  angle  through  which 
the  plane  of  polarisation  is  tunied  is  proportional  to  the  thickness  of  the 
quartz. 

674.  Vliyslcal  azplaaatioB  of  rotatory  polarisatton. — The  explanation 
of  the  phenomenon  described  in  the  last  article  is  as  follows  : — When  a  ray 
of  polarised  light  passes  along  the  axis  of  the  quartz  cr)'stal,  it  is  divided  into 
two  rays  of  circularly  polarised  light  of  equal  intensity,  which  pass  through 
the  cr>'Stal  with  different  velocities.  In  one  the  circular  polarisation  is  right- 
handed,  in  the  other  left-handed  (670).  The  existence  of  these  rays  was 
proved  by  Fresnel,  who  succeeded  in  separating  them.  On  emerging  from 
the  crystal,  they  are  compounded  into  a  plane  polarised  ray  ;  but,  since  they 
move  with,  unequal  velocities  within  the  crystal,  they  emerge  in  diff*erent 
phases,  and  consequently  the  plane  of  polarisation  will  not  coincide  with  the 
plane  of  primitive  polarisation.  This  can  be  readily  shown  by  reasoning 
similar  to  that  employed  in  art.  670.  The  same  reasoning  will  also  show 
that  the  plane  of  polarisation  will  be  turned  to  the  right  or  left,  according 
as  the  right-handed  or  left-handed  ray  moves  with  the  greater  velocity. 
Moreover,  the  amount  of  the  rotation  will  depend  on  the  amount  of  the 
retardation  of  the  ray  whose  velocity  is  least ;  that  is  to  say,  it  will  depend 
on  the  thickness  of  the  plate  of  quartz.  In  this  manner  the  phenomena  of 
rotatory  polarisation  can  be  completely  accounted  for. 
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675.  Coloratloii  prodneed  by  rotatory  polartsattoa. — The  rotation  is 

different  with  different  colours  ;  its  magnitude  depends  on  the  refrangibility, 
and  is  greatest  with  the  most  refrangible  rays.  In  the  case  of  red  light  a 
plate  I  millimetre  in  thickness  will  rotate  the  plane  17°,  while  a  plate  of  the 
same  thickness  will  rotate  it  44*^  in  the  case  of  violet  light.  Hence  with 
while  light  there  will,  in  each  position  of  the  analysing  Nicol's  prism,  be  a 
greater  or  less  quantity  of  each  colour  transmitted.  In  the  case  of  a  right- 
handed  crystal,  when  the  Nicol's  prism  is  turned  to  the  right,  the  colours 
will  successively  appear  from  the  less  refrangible  to  the  more  so — that  is, 

in  the  order  of  the  spectrum,  from  red  to  violet  ;  with 
a  left-handed  crystal  in  the  reverse  order.  Obviously 
in  turning  the  Nicol's  prism  to  the  left,  the  reverse  of 
these  results  will  take  place. 

When  a  quartz  plate  cut  perpendicularly  to  the 
Pj    _  axis  and  traversed  by  a   ray  of   polarised   light  is 

looked  at  through  a  doubly  refracting  prism,  two 
brilliantly  coloured  images  are  seen,  of  which  the  tints  are  complementar>' : 
for  their  images  are  partially  superposed,  and  in  this  position  there  is 
white  light  (fig.  573).  When  the  prism  is  turned  from  left  to  right,  the  two 
images  change  colour  and  assume  successively  all  the  colours  of  the 
spectrum. 

This  will  be  understood  from  what  has  been  said  about  the  different 
rotation  for  difterent  colours.  Quartz  rotates  the  plane  of  polarisation  for 
red  17°  for  each  millimetre,  and  for  violet  44°  ;  hence  from  the  great  difference 
of  these  two  angles,  when  the  polarised  light  which  has  traversed  the  quartz 
plate  emerges,  the  various  simple  colours  which  it  contains  are  polarised  in 
different  planes.  Consequently,  when  the  rays  thus  transmitted  by  the 
quartz  pass  through  a  double-refracting  prism,  they  are  each  decomposed 
into  two  others  polarised  at  right  angles  to  each  other :  the  various  simple 
colours  are  not  divided  in  the  same  proportion  between  the  ordinar>'  and 
extraordinary  rays  furnished  by  the  prism  ;  the  two  images  are,  therefore, 
coloured  ;  but,  since  those  which  are  wanting  in  one  occur  in  the  other,  the 
colours  of  the  images  arc  perfectly  complementar)^ 

These  phenomena  of  coloration  may  be  well  seen  by  means  of  Norrem- 
berg's  apparatus  (fig.  561).  A  quartz  plate,  j,  cut  at  right  angles  to  the  axis 
and  fixed  in  a  cork  disc,  is  placed  on  a  screen,  e  ;  the  mirror,  n  (fig.  560), 
being  then  so  inclined  that  a  ray  of  polarised  light  passes  through  the  quartz, 
the  latter  is  viewed  through  a  double-refracting  prism, ^;  when  this  tube  is 
turned  the  complementary-  images  furnished  by  the  passage  of  polarised 
light  through  the  quartz  are  seen. 

676.  Rotatory  power  of  liquids. — Biot  found  that  a  great  number  of 
liquids  and  solutions  possess  the  property  of  rotator>'  polarisation.  He 
further  observed  that  the  deviation  of  the  plane  of  polarisation  can  reveal 
dift'erences  in  the  composition  of  bodies  where  none  is  exhibited  by  chemical 
analysis.  For  instance,  the  two  sugars  obtained  by  the  action  of  dilute  acids 
on  cane-sugar  deflect  the  plane  of  polarisation,  the  one  to  the  right  and  the 
other  to  the  left,  although  the  chemical  composition  of  the  two  sugars  is  the 
same. 

The  lotatory  power  of  liquids  is  far  less  than  that  of  quartz.     In  con- 


brus  lube  lo  centimetres  long,  in  which  is  contained  the  liquid  experimented 
upon.  This  tube,  which  is  tinned  inside,  is  closed  at  each  end  by 
plaics  fastened  by  screw  collars.  At  m  is  a  mirror  of  black  glass,  inclined 
at  ilie  polarising  angle  (o  the  axis  of  the  tubes  M  and  k.  so  that  the 
fleeted  by  the  mirror  m,  in  the  direction  bila,  is  polarised,  in  the 
ttK  {graduated  circle  h,  inside  the  tube  a,  and  at  right  angles  to  the  axis  bda, 
is  a  double- refracting  achromatic  ptism,  which  can  be  turned  about  the  axis 
of  the  .-ipjiaraius  by  means  of  a  button  n.  The  latter  is  (wc  to  a  limb  c,  on 
which  is  a  vernier,  lo  indicate  the  number  of  degrees  turned  through.  Lastly, 
from  the  position  of  the  mirror  m,  Ihe  plane  of  polarisation,  Sod,  of  the  re- 
flected r^iy  IS  vertical,  and  ihe  icro  of  the  graduation  of  the  circle  h  is  on 
this  pixne. 

Before  placing  the  tube  d  in  the  groove  g,  the  extraordinary  image  fur- 
nithed  by  the  double- refracting  prism  disappears  whenever  the  limb 
ipoodati)  the  lero  of  the  graduation,  because  then  the  double-refraciing  prism 

■o  turned  thnt  its  principal  section  coincides  with  the  plane  of  polarisation 
(661}.     This  is  the  case  also  when  the  lube  </is  full  of  water  or  any  other 
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inactive  liquid,  like  alcohol,  ether,  &c.,  which  shows  that  the  plane  of  polari- 
satfon  has  not  been  turned.  But  if  the  tube  be  filled  with  a  solution  of  cane- 
sugar  or  any  other  active  liquid,  the  extraordinary  image  reappears,  and  to 
extinguish  it,  the  limb  must  be  turned  to  a  certain  extent  either  to  the  right 
or  to  the  left  of  zero,  according  as  the  liquid  is  right-handed  or  left-handed, 
showing  that  the  polarising  plane  has  been  turned  by  the  same  angle.  With 
solution  of  cane-sugar  the  rotation  takes  place  to  the  right ;  and  if  with  the 
same  solution  tubes  of  different  lengths  are  taken,  the  rotation  is  found  to 
increase  proportionally  to  the  length,  in  conformity  with  art.  673  ;  further, 
with  the  same  tube,  but  with  solutions  of  various  sti;engths,  the  rotation 
increases  with  the  quantity  of  sugar  dissolved,  so  that  the  quantitative 
analysis  of  a  solution  may  be  made  by  means  of  its  angle  of  deviation. 

In  this  experiment  homogeneous  light  must  be  used  ;  for,  as  the  various 
tints  of  the  spectra  have  different  rotatory  powers,  white  light  is  decomposed 
in  traversing  an  active  liquid,  and  the  extraordinary  image  does  not  disappear 
completely  in  any  position  of  the  double-refracting  prism — it  simply  changes 
the  tint.  The  transition  tint  (677)  may,  however,  be  observed.  To  avoid 
this  inconvenience,  a  piece  of  red  glass  is  placed  in  the  tube  between  the  eye 
and  the  double-refracting  prism,  which  only  allows  red  light  to  pass.  The 
extraordinary  image  disappears  in  that  case,  whenever  the  principal  section 
of  the  prism  coincides  with  the  plane  of  polarisation  of  the  red  ray. 

677.  Soleil's  saocliarimeter. — Soleil  constructed  an  apparatus,  based 
upon  the  rotatory  power  of  liquids,  for  analysing  saccharine  substances, 
to  which  the  name  saccharimeter  is  applied.  Fig.  575  represents  the  sac- 
charimcter  fixed  horizontally  on  its  foot.  And  fig.  576  gives  a  longitudinal 
section. 

The  principle  of  this  instrument  is  not  that  of  observing  the  amplitude 
of  the  rotation  of  the  plane  of  polarisation,  as  in  Biot's  apparatus,  but  that 
Qii  compensation  ;  that  is  to  say,  a  second  active  substance  is  used  acting  in  the 
opposite  direction  to  that  analysed,  and  whose  thickness  can  be  altered  until 
the  contrary  actions  of  the  two  substances  completely  neutralise  each  other. 
Instead  of  measuring  the  deviation  of  the  plane  of  polarisation,  the  thick- 
ness is  measured  which  the  plate  of  quartz  must  have  in  order  to  obtain 
perfect  compensation. 

The  apparatus  consists  of  three  parts — a  tube  containing  the  liquid  to  be 
analysed,  a  polariser,  and  an  analyser. 

The  tube  ///,  containing  the  liquid,  is  made  of  copper,  tinned  on  the 
inside,  and  closed  at  both  ends  by  two  glass  plates.  It  rests  on  a  support, 
k^  tenninated  at  both  ends  by  tubes,  r  and  «,  in  which  are  the  crystals  used 
as  analysers  and  polarisers,  and  which  are  represented  in  section  (fig.  576). 

In  front  of  the  aperture  S  (fig.  576)  is  placed  an  ordinary  moderator 
lamp.  The  light  emitted  by  thislamp  in  the  direction  of  the  axis  first  meets 
a  double-refracting  prism  r,  which  serves  as  polariser  (659).  The  ordinary 
image  alone  meets  the  eye,  the  extraordinary  image  being  projected  out  of 
the  field  of  vision  in  consequence  of  the  amplitude  of  the  angle  which  the 
ordinary  makes  with  the  extraordinary  ray.  The  double-refracting  prism  is 
in  such  a  position  that  the  plane  of  polarisation  is  vertical,  and  passes  through 
the  axis  of  the  apparatus. 

Emerging  from  the  double-refracting  prism,  the  polarised  ray  meets  a 
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plaie  of  quartz  wirtft  *>t^le  rotation  ;  ihat  is,  this  plate  rotates  the  plane 
both  to  the  right  andcp  the  left.  This  is  effected  by  constructing  the  plate 
of  two  quart!  plates  of  jippoaite  rotation  placed  one  on  the  other,  as  shown 
in  Ag.  577,  so  that  the  [\ite  of  separation  is  vertical  and  in  the  same  plane  as 
the  axis  of  the  app^tus.  These  plates,  cut  perpendicularly  to  the  axis, 
have  a  thickness  of  3^5  millimetres,  corresponding  to  a  rotation  of  90°,  and 


Kile  A  rose-violet  tint,  called  the  fini  of  passage,  or  transition  tint.  As  the 
qtiatri,  whether  right -handed  or  left-handed,  turns  always  to  the  same  extent 
fiv  the  same  thickness,  it  follows  that  the  two  quartc  plates  a  and  b  turn 
ihe  plane  of  polarisation  equally,  one  to  the  right  and  the  other  to  the  left. 
Hence,  looked  at  through  a  double-refracting  prism,  they  present  exactly  the 
•June  (int. 

Having  traversed  the  quarli  q.  the  polarised  ray  passes  into  the  liquid 
in  the  lube  ttt,  and  then  meets  a  single  plate  of  quartz  /',  of  ar"y  thickness, 
the  use  of  which  will  be  seen  presently.    The  compensator  n,  which  destroys 
[he  rotation  of  the  column  of  liquid  w(,  consists  of  two  quartz  plates,  with  the 
»arae  rotation  either  In  the  right  or  the  left,  but  opposite  to  that  of  the  plate 
I.    These  two  quarti  plates,  a  section  of  which  is  represented  in  fig.  577,  are 
<d)tained  by  cutting  obliquely  a  quartz  plate  with  parallel  sides,  so  as  to  form 
J  prisms  of  the  same  angle,  N,  N',  which  is  called  a  biguartt;  super- 
posing, then,  these  (wo  prisms,  as  shown  in  the  figure,  a  single  plate  is 
obtained  with  parallel  faces,  which  can  be  varied  at  will.    This  is  effected 
by  fixing  each  prism  to  a  slide,  so  as  to  move  it  in  either  direction  without 
I   disturbing  the  parallehsm.     This  motion  is  effected  by  means  of  a  double 
rackwork  and  pinion  motion  turned  by  a  milled  head,  b  (ligs.  575,  576). 
When  these  plates  move  in  the  direction  indicated  by  the  arrows  (Gg.  ^17\, 
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it  is  clear  that  the  sum  of  their  thicknesses  increases,  and  that  it  diminishes 
when  the  plates  are  moved  in  the  contrary  direction.  A  scale  and  a  vernier 
follow  the  plates  in  their  motion,  and  measure  the  thickness  of  the  compen- 
sator. This  scale,  represented  with  its  vernier  in  tig.  578,  has  two  divisions 
with  a  common  zero,  one  from  left  to  right  for  right-handed  liquids,  and 
another  from  right  to  left  for  left-handed. 

When  the  vernier  is  at  zero  of  the  scale,  the  surh  of  the  thicknesses  of 
the  plates  N  N^  is  exactly  equal  to  that  of  the  plate  /,  and  as  the  rotation  of 

Fig.  576. 
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the  latter  is  opposed  to  that  of  the  compensator,  the  effect  is  zero.  But  by 
moving  the  plates  of  the  compensator  in  one  or  the  other  direction  either 
the  compensator  or  the  quartz,  1,  preponderates,  and  there  is  a  rotation  from 
left  to  right. 

Behind  the  compensator  is  a  double-refracting  prism,  c  (fig.  576),  serving 
as  analyser  to  observe  the  polarised  ray  which  has  traversed  the  liquid  and 
the  various  quartz  plates.  In  order  to  understand  more  easily  the  object  of 
the  prism  c^  we  will  neglect  for  a  moment  the  crystals  and  the  lenses  on  the 
left  of  the  drawing.  If  at  first  the  zero  of  the  vernier  o  coincides  with  that 
of  the  scale,  and  if  the  liquid  in  the  tube  is  inactive,  the  actions  of  the  com- 
pensator, and  of  the  plate  /\  neutralise  each  other  ;  and,  the  liquid  having  no 
action,  the  two  halves  of  the  plate  ^,  seen  through  the  prism  r,  give  exactly 
the  same  tint  as  has  been  observed  above.  But  if  the  tube  filled  with  inac- 
tive liquid  be  replaced  by  one  full  of  solution  of  sugar,  the  rotatory  power  of 
this  solution  is  added  to  that  of  one  of  the  halves  {a  or  b)  of  the  plate  q  (viz. 
that  half  which  tends  to  turn  the  plane  of  polarisation  in  the  same  direction 
as  the  solution),  and  subtracted  from  that  of  the  other.  Hence  the  two 
halves  of  the  plate  q  no  longer  show  the  same  tint ;  the  half  a^  for  instance, 
is  red,  while  the  half  b  is  blue.  The  prisms  of  the  compensator  are  then 
moved  by  turning  the  milled  head  ^,  either  to  the  right  or  to  the  left,  until 
the  difference  of  action  of  the  compensator  and  of  the  plate  /  compensates 
tlie  rotatory  power  of  the  solution,  which  takes  place  when  the  two  halves 
of  the  plate  ^,  with  double  rotation,  revert  to  their  original  tint. 

The  direction  of  the  deviation  and  the  thickness  of  the  compensator  are 
measured  by  the  relative  displacement  of  the  scale  ^,  and  of  the  vernier  r. 
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Ten  of  the  divisions  on  the  scale  correspond  to  a  difference  of  i  millimetre 
in  the  thickness  of  the  compensator  ;  and  as  the  vernier  gives  itself  tenths 
of  these  divisions,  it  therefore  measures  differences  of  -^  in  the  thickness  of 
the  compensator. 

When  once  the  tints  of  the  two  halves  of  the  plate  are  exactly  the  same, 
and  therefore  the  same  as  before  interposing  the  solution  of  sugar,  the 
division  on  the  scale  corresponding  to  the  vernier  is  read  off,  and  the  cor- 
responding number  gives  the  strength  of  the  solution.  This  depends  on  the 
experimental  fact  that  16-471  grains  of  pure  and  well-dried  sugar-candy  being 
dissolved  in  water,  and  the  solution  diluted  to  the  volume  of  100  cubic  cen- 
timetres, and  observed  in  a  tube  of  20  centimetres  in  length,  the  deviation 
produced  is  the  same  as  that  effected  by  a  quartz  plate  a  millimetre  thick. 
In  making  the  analysis  of  raw  sugar,  a  weight  of  16-471  grains  of  sugar  is 
taken,  dissolved  in  water,  and  the  solution  made  up  to  100  cubic  centimetres, 
with  which  a  tube  20  centimetres  in  length  is  filled,  and  the  number  indicated 
by  the  vernier  read  off,  when  the  primitive  tint  has  been  obtained.  This 
number  being  42,  for  example,  it  is  concluded  that  the  amount  of  crystallisable 
sugar  in  the  solution  is  42  per  cent,  of  that  which  the  solution  of  sugar-candy 
contained,  and,  therefore,  16-471  grains  x  y~,  or  6-918  grains.  This  result 
is  only  valid  when  the  sugar  is  not  mixed  with  uncrystallisable  sugar  or 
some  other  left-handed  substance.  In  that  case  the  crystallisable  sugar, 
which  is  right-handed,  must  be,  by  means  of  hydrochloric  acid,  converted 
into  uncrystallisable  sugar,  which  is  left-handed  ;  and  a  new  determination 
is  made,  which,  together  with  the  first,  gives  the  quantity  of  crystallisable 
sugar. 

The  arrangement  of  crystals  and  lenses,  o^  g^f^  and  «,  placed  behind  the 
prism  r,  forms  what  Soleil  calls  xh^  producer  of  sensible  tints.  For  the 
most  delicate  tint — that  by  which  a  very  feeble  difference  in  the  coloration 
of  the  two  halves  of  the  rotation  plate  can  be  distinguished — is  not  the  same 
lor  all  eyes  ;  for  most  people  it  is  of  a  violet-blue  tint,  like  flax  blossom  ;  and 
it  is  important  either  to  produce  this  tint,  or  some  other  equally  sensible  to 
the  eye  of  the  observer.  This  is  effected  by  placing  in  front  of  the  prism,  r, 
at  first  a  quartz  plate,  Oy  cut  perpendicular  to  the  axis,  then  a  small  Galileo's 
telescope  consisting  of  a  double  convex  glass,  g^  and  a  double  concave  glass, 
/,  which  can  be  approximated  or  removed  from  each  other  according  to  the 
distance  of  distinct  vision  of  each  observer.  Lastly,  there  is  a  double-re- 
fracting prism,  r,  acting  as  polariser  in  reference  to  the  quartz,  and  the  prism 
a  as  analyser  ;  and  hence,  when  the  latter  is  turned  either  right  or  left,  the 
light  which  has  traversed  the  prism  r,  and  the  plate  o^  changes  its  tint>  and 
finally  gives  that  which  is  the  most  delicate  for  the  experimenter. 

678.  Analysis  of  diabetic  urine. — In  the  disease  diabetes^  the  urine 
contains  a  large  quantity  of  fermentable  sugar,  called  diabetic  sugar, 
which  in  the  natural  condition  of  the  urine  turns  the  plane  of  polarisation  to 
the  right.  To  estimate  the  quantity  of  this  sugar,  the  urine  is  first  clarified 
by  heating  it  with  acetate  of  lead  and  filtering  ;  the  tube  is  filled  with  the 
clear  liquid  thus  obtained  ;  and  the  milled  head,  b,  turned,  until  by  means  of 
the  double -rotating  plate  the  same  tint  is  obtained  as  before  the  interposition 
of  the  urine.  Experiment  has  shown  that  100  parts  of  the  saccharimetric 
scale  represent  the  displacement  which  the  quartz  compensaXoxs  tcvmsX.'Vvs^^'*' 
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when  there  are  225*6  grains  of  sugar  in  a  litre  ;  hence  each  division  of  the 
scale  represents  2*256  of  sugar.  Accordingly,  to  obtain  the  quantity  of  sugar 
in  a  given  urine,  the  number  indicated  by  the  vernier,  at  the  moment  at 
which  the  primitive  tint  reappears,  must  be  multiplied  by  2*256. 

679.  Volarisatton  of  beat.— The  rays  of  heat,  like  those  of  light,  may 
become  polarised  by  reflection  and  by  refraction.  The  experiments  on  this 
subject  are  difficult  of  execution  ;  they  were  first  made  by  Malus  and 
Berard,  in  1810 ;  after  the  death  of  Malus  they  were  continued  by  the  latter 
philosopher. 

In  his  experiments,  the  calorific  rays  reflected  from  one  mirror  were  re- 
ceived upon  a  second,  just  as  in  Norremberg's  apparatus  ;  from  the  second 
they  fell  upon  a  small  metallic  reflector,  which  concentrated  them  upon  the 
bulb  of  a  differential  thermometer.  Berard  observed  that  heat  was  not 
reflected  when  the  plane  of  reflection  of  the  second  mirror  was  at  right  angles 
to  that  of  the  first.  As  this  phenomenon  is  the  same  as  that  presented  by 
light  under  the  same  circumstances,  Berard  concluded  that  heat  became 
polarised  in  being  reflected. 

The  double  refraction  of  heat  may  be  shown  by  concentrating  the  sun's 
rays  by  means  of  a  heliostat  on  a  prism  of  Iceland  spar,  and  investigating 
the  resultant  pencil  by  means  of  a  thermopile,  which  must  have  a  sharp 
narrow  edge.  In  this  case  also  there  is  an  ordinary  and  an  extraordinary 
ray,  which  follow  the  same  laws  as  those  of  light.  In  the  optic  axis  of  the 
calcspar,  heat  is  not  doubly  refracted.  A  Nicol's  prism  can  be  used  for  the 
polarisation  of  heat  as  well  as  for  that  of  light ;  a  polarised  ray  does  not 
traverse  the  second  Niccl  if  the  plane  of  its  principal  section  is  perpendicular 
to  the  vibrations  of  the  ray.  The  phenomena  of  the  polarisation  of  heat 
may  also  be  studied  by  means  of  plates  of  tourmaline  and  of  mica.  The 
artgle  of  polarisation  is  virtually  the  same  for  heat  as  for  light.  In  all  these 
experiments  the  prisms  must  be  very  near  each  other. 

The  diffraction,  and  therefore  the  interference,  of  rays  of  heat  has  recently 
been  established  by  the  experiments  of  Knoblauch  and  others.  And  Forbes, 
who  has  repeated  Fresnel's  experiment  with  a  rhombohedron  of  rock  salt, 
has  found  that  by  two  total  internal  reflections,  heat  is  circularly  polarised, 
just  as  is  the  case  with  light. 
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BOOK  vrii. 

ON       MAGNETISM. 
CHAPTER   I. 

PROPERTIES  OF   MAGNETS. 

680.  Watoral  and  artillolal  mm^gnt/tM.— Magnets  are  substances  which 
have  the  property  of  attracting  iron,  and  the  term  magnetism  is  applied  to 
the  cause  of  this  attraction,  and  to  the  resulting  phenomena. 

This  property  was  known  to  the  ancients  ;  it  exists  in  the  highest  degree 
in  an  ore  of  iron  which  is  known  in  chemistry  as  the  magnetic  oxide  of  iron. 
Its  composition  is  represented  by  the  formula  FejO^. 

This  magnetic  oxide  of  iron,  or  lodestone^  as  it  is  called,  was  first  found 
at  Magnesia,  in  Asia  Minor,  the  name  magnet  being  derived  from  this  cir- 
cumstance. The  name  lodestone,  which  is  applied  to  this  natural  magnet, 
was  given  on  account  of  its  being  used  when  suspended  as  a  guiding  or  lead- 
ing stone,  from  the  Saxon  Icedan,  to  lead  ;  so  also  the  word  lodestar.  Lode- 
stone  is  very  abundant  in  nature  :  it  is  met  with  in  the  older  geological  forma- 
tions, especially  in  Sweden  and  Norway,  where  it  is  worked  as  an  iron  ore, 
and  furnishes  the  best  quality  of  iron. 

When  a  bar  or  needle  of  steel  is  rubbed  with  a  magnet,  it  acquires 
magnetic  properties.  Such  bars  are  called  artificial  magnets  :  they  are 
more  powerful  than  natural  magnets,  and,  as  they  are  also  more  convenient, 
they  will  be  exclusively  referred  to  in  describing  the  phenomena  of  magnet- 
ism ;  the  best  modes  of  preparing  them  will  be  explained  in  a  subsequent 
article. 

681.  Voles  and  neutral  lines. — When  a  small  particle  of  soft  iron  is  sus- 
pended by  a  thread  and  a  magnet  is  approached  to  it,  the  iron  is  attracted 
towards  the  magnet,  and  some  force  is  required  for  its  removal.  The  force 
of  the  attraction  varies  in  different  parts  of  the  magnet ;  it  is  strongest  at 
the  two  ends,  and  is  totally  wanting  in  the  middle. 

This  variation  may  also  be  seen  very  clearly  when  a  magnetic  bar  is 
placed  in  iron  filings  ;  these  become  arranged  round  the  ends  of  the  bar 
in  feathery  tufts,  which  decrease  towards  the  middle  of  the  bar,  where 
there  are  none.  That  part  of  the  surface  of  the  bar  where  there  is  no 
visible  magnetic  force  is  called  the  neutral  line ;  and  the  po\tvXs  tv^^lt  >^'t 
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ends  of  the  bar  where  the  attraction  is  greatest  are  called  the  poles.  Every 
magnet,  whether  natural  or  artificial,  has  two  poles  and  a  neutral  line  : 
sometimes,  however,  in  magnetising  bars  and  needles,  poles  are  produced 
lying  between  the  extreme  points.  Such  magnets  are  abnormal,  and  these 
points  are  called  intermediate  or  consequent  poles.  The  shortest  line  joining 
the  two  poles  is  termed  the  axis  of  the  magnet ;  in  a  horseshoe  magnet  the 
axis  is  in  the  direction  of  the  keeper.  The  plane  at  right  angles  to  the  axis 
of  a  bar  magnet  and  passing  through  the  neutral  line  is  sometimes  called  the 
equator  of  the  magnet. 

We  shall  presently  see  that  a  freely  suspended  magnet  always  sets  with 
one  pole  pointing  towards  the  north,  and  the  other  towards  the  south.     The 

end  pointing  towards  the 
north  is  called  in  this 
country  the  north  pole^ 
and  the  other  end  is 
the  south  pole.  The  end 
of  the  magnetic  needle 
pointing  to  the  north  is 
also  sometimes  called  the  marked  end  of  the  needle.  Sometimes  also  the 
end  pointing  to  the  north  is  called  the  red  pole,  and  that  to  the  south  the 
blue  pole  ;  the  corresponding  terms  red  and  blue  magnetisms  are  also  some- 
times used. 

682.  Reciprocal  action  of  two  poles. — The  two  poles  of  a  magnet  appear 
^^-^  identical  when  they  are  brought  in  contact 

f      \,  with  iron  filings  (fig.  580),  but  this  identity 

is  only  apparent,  for  when  a  small  mag- 
netic needle,  <a^  (fig.  581),  is  suspended  by 
a  fine  thread,  and  the  north  pole,  A,  of 
another  needle  is  brought  near  its  north 
pole,  </,  a  repulsion  takes  place.  If,  on 
the  contrar>%  A  is  brought  near  the  south 
pole,  ^,  of  the  movable  needle,  the  latter 
is  strongly  attracted.  Hence  these  two 
poles,  a  and  b^  are  not  identical,  for  one 
is  repelled  and  the  other  attracted  by  the 
same  pole  of  the  magnet  A.  It  may  be 
shown  in  the  same  manner  that  the  two 
poles  of  the  latter  are  also  different,  by 
successively  presenting  them  to  the  same 
pole,  a^  of  the  movable  needle.  In  one 
case  there  is  repulsion,  in  the  other  attraction.  Hence  the  following  law 
m.fy'  be  enunciated  : — 

Poles  of  the  same  name  repel ^  and  poles  of  contrary  name  attract^  one 
another. 

The  opposite  actions  of  the  north  and  south  poles  may  be  shown  by  the 

following  experiment  : — A  piece  of  iron,  a  key  for  example,  is  supported  by 

a  magnetised  bar.    A  second  magnetised  bar  of  the  same  dimensions  is  then 

moved  along  the  first,  so  that  their  poles  are  contrary  (fig.  582).     The  key 

remains  suspended  so  \oi\g  as  lV\e  two  poles  are  at  some  distance,  but  when 
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they  are  sufficiently  near,  the  key  drops,  just  as  if  the  bar  which  supported 
it  had  lost  its  magnetism.     This,  however,  is  not  the  case,  for  the  key  would, 
be  again   supported  if  the 
first  magnet  were  presented 
to  it  after  the  removal  of  the 

second  bar.  ^      fci^ B 

The  attraction  which  a 
magnet  exerts  upon  iron  is 
reciprocal,  which  is  indeed 
a  general  principle  of' all 
attractions.  It  is  easily 
verified  by  presenting  a 
mass  of  iron  to  a  movable  magnet,  when  the  latter  is  attracted. 

683.  HypofhesiB  of  two  nuMmetio  fluids. — In  order  to  explain  the  phe- 
nomena of  magnetism,  the  existence  of  two  hypothetical  magnetic  fluids  has 
been  assumed,  each  of  which  acts  repulsively  on  itself,  but  attracts  the  other 
fluid.  The  fluid  whose  action  predominates  at  the  north  pole  of  the  magnet 
is  called  the  north  fluid,  or  red  magnetism  ;  and  that  at  the  south  pole  the 
smth  fluid,  or  blue  magnetism.  The  term  *  fluid '  is  apt  to  puzzle  be^nners, 
from  its  ambiguity.  Ordinarily  the  idea  of  a  liquid  is  associated  with  the  term 
*  a  fluid  ; '  hence  the  use  of  this  term  to  explain  the  phenomena  of  magnetism 
and  electricity  has  produced  a  widely  prevailing  impression  of  the  material 
nature  of  these  two  forces.  The  word  *  fluid,*  it  must  be  remembered,  em- 
braces gases  as  well  as  liquids,  and  here  it  must  be  pictured  to  the  mind  as 
representing  an  invisible,  elastic,  gaseous  atmosphere  or  shell  surrounding 
the  particles  of  all  magnetic  substances. 

It  is  assumed  that,  before  magnetisation,  these  fluids  are  combined  round 
each  molecule,  and  mutually  neutralise  each  other  ;  they  can  be  separated 
by  the  influence  of  a  force  greater  than  that  of  their  mutual  attraction,  and 
can  arrange  themselves  round  the  molecules  to  which  they  are  attached,  but 
cannot  be  removed  from  them. 

The  hypothesis  of  the  two  fluids  is  convenient  in  explaining  magnetic 
phenomena,  and  will  be  adhered  to  in  what  follows.  But  it  must  not  be 
regarded  as  anything  more  than  a  provisional  hypothesis,  and  it  will  after- 
wards be  shown  (878)  that  magnetic  phenomena  appear  to  result  from  elec- 
trical currents,  circulating  in  magnetic  bodies  ;  a  mode  of  view  which  connects 
the  theory  of  magnetism  with  that  of  electricity. 

684.  Freoise  deflnitton  of  poles. — By  aid  of  the  preceding  hypothesis 
we  are  enabled  to  obtain  a  clear  idea  of  the  distribution  of  the  magnetism 
in  a  magnetised  bar,  and  to  account  for  the  circumstance  that  there  is  no 
free  magnetism  in  the  middle  of  the  bar,  and  that  it  is  strongest  at  the  poles. 
If  AB  (fig.  583)  represent  a  magnet,  then  the  alternate  black  and  white 
spaces  may  be  taken  to  represent  the  position  of  the  magnetic  fluids  in  a 
series  of  particles  after  magnetisation  :  in  accordance  with  what  has  been 
said,  the  white  spaces,  representing  the  south  fluid,  all  point  in  one  direction, 
and  the  north  fluid  in  the  opposite  direction.  The  last  half  of  the  terminal 
molecule  at  one  end  would  have  north  polarity,  and  at  the  other  south 
polarity.  Let  N  represent  the  north  pole  of  a  magnetic  needle  placed  near 
the  magnet  AB  ;  then  the  south  fluid  s  in  the  terminal  molecule  ^o\W\xxA 
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to  attract  N,  and  the  north  fluid  n  would  tend  to  repel  it ;  but  as  the  mole- 
cule of  south  fluid  s  is  nearer  N  than  the  molecule  of  the  north  fluid  «,  the 
attraction  between  s  and  N  would  be  greater  than  the  repulsion  between  n 
and  N.     Similarly  the  attraction  between  s'  and  N  would  be  greater  than 
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the  repulsion  between  n'  and  N,  and  so  on  with  the  following  s"  and  «",  &c. 
And  all  these  forces  would  give  a  resultant  tending  to  attract  N,  whose 
point  of  application  would  have  a  certain  fixed  position,  which  would  be  the 
south  pole  of  AB.  In  like  manner  it  might  be  shown  that  the  resultant  of 
the  forces  acting  at  the  other  end  of  the  bar  would  form  a  north  pole,  and 
would  hence  repel  the  north  pole  of  the  needle,  but  would  attract  its  south 
pole. 

That  such  a  series  of  polarised  particles  really  acts  like  an  ordinary 
magnet  may  be  shown  by  partly  filling  a  glass  tube  with  steel  filings,  and 
passing  the  pole  of  a  strong  magnet  several  times  along  the  outside  in  one 
constant  direction,  taking  care  not  to  shake  the  tube.  The  individual  filings 
will  thus  be  magnetised,  and  the  whole  column  of  them  presented  to  a  mag- 
netic needle  will  attract  and  repel  its  poles  just  like  an  ordinary  bar  magnet, 
exhibiting  a  north  pole  at  one  end,  a  south  pole  at  the  other,  and  no  polarity 
in  the  middle  ;  but  on  shaking  the  tube,  or  turning  out  the  filings,  and  put- 
ting them  in  again  so  as  to  destroy  the  regularity,  every  trace  of  polarity  will 
disappear.  It  appears  hence  that  the  polarity  at  each  end  of  a  magnet  is 
caused  by  the  fact  that  the  resultant  action  on  a  magnetic  body  is  strongest 
near  the  ends,  and  does  not  arise  from  any  accumulation  of  magnetisms 
at  the  ends. 

The  same  point  may  be  illustrated  by  the  following  experiment,  which  is 
due  to  Sir  W.  Grove  :  —In  a  glass  tube  with  flat  glass  ends  is  placed  water  in 
which  is  diffused  magnetic  oxide  of  iron.  Round  the  outside  of  the  tube  is 
coiled  some  insulated  wire.  On  looking  at  a  light  through  the  tube  the 
liquid  appears  dark  and  muddy,  but  on  passing  a  current  of  electricity  through 
the  wire  it  becomes  clearer  (879).  This  is  due  to  the  fact  that  by  the  mag- 
netising action  of  the  current,  the  particles,  becoming  magnetised,  set  with 
their  longest  dimension  parallel  to  the  axis  of  the  tube,  in  which  position 
they  obstruct  the  passage  of  light  to  a  less  extent. 

685.  Bxperlments  wttb  broken  magnets. — That  the  two  magnetisms 
are  present  in  all  parts  of  the  bar,  and  are  not  simply  accumulated  at  the 
ends,  is  also  evident  from  the  following  experiment : — A  steel  knitting- 
needle  is  magnetised  by  rubbing  it  with  one  of  the  poles  of  a  magnet,  and  then, 
the  existence  of  the  two  poles  and  of  the  neutral  line  having  been  ascertained 
by  means  of  iron  filings,  it  is  broken  in  the  middle.     But  now,  on  presenting 
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successively  the  two  halves  to  a  magnet,  each  will  be  found  to  possess  two 
opposite  poles  and  a  neutral  line,  and  in  fact  is  a  perfect  magnet.  If  these 
new  magnets  are  broken  in  turn  into  two  halves,  each  will  be  a  complete 
magnet  with  its  two  poles  and  neutral  line,  and  so  on,  as  far  as  the  division 
can  be  continued.  It  is,  therefore,  concluded  by  analogy  that  the  smallest 
parts  of  a  magnet,  the  ultimate  molecules,  contain  the  two  magnetisms. 

6S6.  Maffnetlo  indnotioii. — When  a  magnetic  substance  is  placed  in 
contact  with  a  magnet,  the  two  magnetisms  of  the  former  become  separated  ; 
and  so  long  as  the  contact  remains,  it  is  a  complete  magnet,  having  its  two 
poles  and  its  neutral  line.  For  instance,  if  a  small  cylinder  of  soft  iron,  ab 
(fig.  584),  be  placed  in  contact  with  one  of  the  pol^s  of  a  magnet,  the  cylinder 
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can  in  turn  support  a  second  cylinder  ;  this  in  turn  a  third,  and  so  on,  to  as 
many  as  seven  or  eight,  according  to  the  power  of  the  magnet.  Each  of  these 
little  cylinders  is  a  magnet ;  if  it  be  the  north  pole  of  the  magnet  to  which 
the  cylinders  are  attached,  the  part  a  will  have  south,  and  b  north  magnetism  ; 
b  will  in  like  manner  develop  in  the  nearest  end  of  the  next  cylinder  south 
magnetism,  and  so  on.  But  these  cylinders  are  only  magnets  so  long  as  the 
influence  of  a  magnetised  bar  continues.  For,  if  the  first  cylinder  be  re- 
moved from  the  magnet,  the  other  cylinders  immediately  drop,  and  retain  no 
trace  of  magnetism.  The  separation  of  the  two  magnetisms  is  only  momen- 
tary, which  proves  that  the  magnet  yields  nothing  to  the  iron.  Hence  we 
may  have  temporary  magnets  as  well  as  pertnanent  magnets  ;  the  former  of 
iron  and  nickel,  the  latter  of  steel  and  cobalt  (688). 

This  action,  in  virtue  of  which  a  magnet  can  develop  magnetism  in 
iron,  is  called  magnetic  induction  or  influence^  and  it  can  take  place  without 
actual  contact  between  the  magnet  and  the  iron,  as  is  seen  in  the  following 
experiment  : — A  bar  of  soft  iron  is  held  with  one  end  near  a  magnetic  needle. 
If  now  the  north  pole  of  a  magnet  be  approached  to  the  iron  without  touch- 
ing it,  the  needle  will  be  attracted  or  repelled,  according  as  its  south  or 
north  pole  is  near  the  bar.  For  the  north  pole  of  the  magnet  will  develop 
south  magnetism  in  the  end  of  the  bar  nearest  it,  and  therefore  north  mag- 
netism at  the  other  end,  which  would  thus  attract  the  south,  but  repel  the 
north  end  of  the  needle.  Obviously,  if  the  other  end  of  the  magnet  were 
brought  near  the  iron,  the  opposite  eflfects  would  be  produced  on  the  needle  ; 
or  if  the  opposite  pole  of  a  second  magnet  of  equal  strength  simultaneously 
be  brought  near  the  iron,  the  needle  would  be  unaffected,  as  one  magnet 
would  undo  the  work  of  the  other. 

Among  other  things,  magnetic  induction  explains  the  formation  of  the 
tufts  of  iron  filings  which  become  attached  to  the  poles  of  magnets.  The 
parts  in  contact  with  the  magnet  are  converted  into  magnels ',  xVv^%^  ^cX 
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inductively  on  the  adjacent  parts,  these  again  on  the  following  ones,  and 
so  on,  producing  a  filamentary  arrangement  of  the  filings.  The  bush-like 
appearance  of  these  filaments  is  due  to  the  repulsive  action  which  the 
free  poles  exert  upon  each  other.  Any  piece  of  soft  iron  while  being 
attracted  by  a  magnet  is  for  the  time  being  converted  into  a  magnet ; 
hence  is  explained  the  paradoxical  statement  that  'magnets  only  attract 
magnets.' 

687.  CoereiTe  force. — We  have  seen  from  the  above  experiments  that 
soft  iron  becomes  instantaneously  magnetised  under  the  influence  of  a 
magnet ;  but  that  this  magnetism  is  not  permanent,  and  ceaises  when  the 
magnet  is  removed.  Steel  likewise  becomes  magnetised  by  contact  with  a 
magnet ;  but  the  operation  is  effected  with  difficulty,  and  the  more  so  as  the 
steel  is  more  highly  tempered.  Placed  in  contact  with  a  magnet,  a  steel  bar 
acquires  magnetic  properties  very  slowly ;  and,  to  make  the  magnetism 
complete,  the  steel  must  be  rubbed  with  one  of  the  poles.  But  this  mag- 
netism, once  evoked  in  steel,  is  permanent,  and  does  not  disappear  when  the 
inducing  force  is  removed. 

These  different  effects  in  soft  iron  and  steel  are  ascribed  to  a  kind  of 
resistance  which  is  often  called  coercive  force  ^  and  which,  in  a  ma^etic  sub- 
stance, offers  a  hindrance  to  the  separation  of  the  two  magnetisms,  but  which 
also  prevents  their  recombination  when  once  separated.  In  steel  this  coercive 
force  is  very  great  ;  in  soft  iron  it  is  very  small  or  almost  absent.  By  oxida- 
tion, pressure,  torsion  or  hammering,  &c.,  a  certain  amount  of  coercive  force 
may  be  imparted  to  soft  iron  ;  and  by  heat,  the  coercive  force  may  be  lessened, 
as  will  be  afterwards  seen. 

688.  Bifference  between  marnets  and  mairn^tlo  enbetanoee. — Mag- 
netic substances  are  substances  which,  like  iron,  steel,  and  nickel,  are  attracted 
by  the  magnet.  They  contain  the  two  magnetisms,  but  in  a  state  of  neu- 
tralisation. Compounds  containing  iron  are  usually  magnetic,  and  the  more 
so  in  proportion  as  they  contain  a  larger  quantity  of  iron.  Some,  however, 
like  iron  pyrites,  are  not  attracted  by  the  magnet. 

A  magnetic  substance  is  readily  distinguished  from  a  magnet.  The 
former  has  no  poles  ;  if  successively  presented  to  the  two  ends  of  a  magnetic 
needle,  ab  (fig.  581),  it  will  attract  both  ends  equally,  while  with  one  and  the 
same  end  a  magnet  would  attract  the  one  end  of  the  needle,  but  repel  the 
other.  Magnetic  substances  also  have  no  action  on  each  other  ;  while  mag- 
nets attract  or  repel  each  other,  according  as  unlike  or  like  poles  are  pre- 
sented.    Attraction  is  no  proof  that  a  body  is  a  magnet ;  repulsion  is. 

Iron  is  not  the  only  substance  which  possesses  magnetic  properties  ; 
nickel  has  considerable  magnetic  power,  but  far  less  than  that  of  iron  ;  cobalt 
is  less  magnetic  than  nickel ;  while  to  even  a  slighter  extent  chromium  and 
manganese  are  magnetic.  Further,  we  shall  see  that  powerful  magnets  exert 
a  peculiar  influence  on  all  substances. 
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689.  lUreetlTe  aotion  of  tbe  eartb  on  maffnets.— When  a  magnetised 
needle  is  suspended  by  a  thread,  as  represented  in  fig.  581,  or  when  placed 
on  a  pivot  on  which  it  can  move  freely  (fig.  585),  it  ultimately  sets  in  a 
position    which  is  more  or  less  north  and 
south.      If   removed    from  this    position    it 
always  returns  to  it   after  making  a  certain 
number  of  oscillations. 

Analogous  observations  have  been  made 
in  different  parts  of  the  globe,  from  which  the 
earth  has  been  compared  to  an  immense  mag-  a* 
net,  whose  poles  are  very  near  the  terrestrial 
poles,  and  whose  neutral  line  virtually  coin- 
cides with  the  equator. 

The  polarity  in  the  northern  hemisphere 
is  called  the  northern  or  boreal  polarity,  and 
that  in  the  southern  hemisphere  the  southern  Pig.  jgj 

or iu/j/ro/ polarity.     In  French  works  the  end 

of  the  needle  pointing  north  is  called  the  austral  or  southern  pole,  and  that 
pointing  to  the  south  the  boreal  or  northern  pole  ;  a  designation  based  on 
this  hypothesis  of  a  terrestrial  magnet,  and  on  the  law  that  unlike  magnet- 
isms attract  each  other.  In  practice  it  will  be  found  more  convenient  to 
use  the  English  names,  and  call  that  end  of  the  magnet  which  points  to  the 
north  the  north  pole ^  and  that  which  points  to  the  south  the  south  pole  ;  the 
north  pole  of  a  magnet  is  a  north-seeking "^oX^^dSidi  a  south  pole  a  south-seek- 
ing pole.  To  avoid  ambiguity  that  end  of  the  needle  pointing  north  is  in 
England  sometimes  spoken  of  as  the  marked  efid  oi  x\\q  needle  (681). 

690.  Terrestiial  may netlo  oonplo. — From  what  has  been  stated,  it  is 
clear  that  the  magnetic  action  of  the  earth  on  a  magnetised  needle  may  be 
compared  to  a  couple  ;  that  is,  to  a  system  of  two  equal  forces,  parallel,  but 
aaing  in  contrary  directions. 

For  let  ab  (iig.  586)  be  a  movable  magnetic  needle  making  an  angle  with 
the  magnetic  meridian  M'M  (691).  The  earth's  north  pole  acts  attractively 
on  the  marked  p)ole, «,  and  repulsively  on  the  other  pole,  ^,  and  two  contrary 
forces  are  produced,  an  and  bn\  which  are  equal  and  parallel  :  for  the 
terrestrial  pole  is  so  distant,  and  the  needle  so  small,  as  to  justify  the  assump- 
tion that  the  two  directions  aft  and  bn'  are  parallel,  and  that  the  two  poles 
are  equidistant  from  the  earth's  north  pole.  Hut  the  earth's  south  pole  acts 
similarly  on  the  poles  of  the  needle,  and  produces  two  oih^tioTC^^^  as  ^xAbs^ 


6i4 


On  Magnetism. 


[680- 


Fig.  586. 


which  are  also  equal  and  parallel ;  but  the  two  forces  an  and  as  may  be  re- 
duced to  a  single  resultant  <iN  (33),  and  the  forces  bn'  and  bs'  to  a  resultant 
^S  ;  the  two  forces  dN  and  ^S  are  equal,  parallel,  and  act  in  opposite  direc- 
tions, and  they  constitute  the  terrestrial  magnetic  couple  \  it  is  this  couple 

which  makes 
the  needle  set 
ultimately  in 
the  magnetic 
meridian — a  po- 
sition in  which 
the  two  forces 
N  and  S  are  in 
equilibrium. 

The  force  which  determines  the  direction  of  the  needle  thus  is  neither 
attractive  nor  repulsive,  but  simply  directive.  If  a  small  magnet  be  placed 
on  a  cork  floating  in  water,  it  will  at  first  oscillate,  and  then  gradually  set  in 
a  line  which  is  virtually  north  and  south.  But  if  the  surface  of  the  water  be 
quite  smooth,  the  needle  will  not  move  either  towards  the  north  or  towards 
the  south. 

If,  however,  a  magnet  be  approached  to  a  floating  needle,  attraction  or 
repulsion  ensues,  according  as  one  or  the  other  of  the  poles  is  presented. 
The  reason  of  the  different  actions  exerted  by  the  earth  and  by  a  magnet  on 
a  floating  needle  is  as  follows  : — When  the  north  pole,  for  instance,  of  the 
magnet  is  presented  to  the  south  pole  of  the  needle,  the  latter  is  attracted ; 
it  is,  however,  repelled  by  the  south  pole  of  the  magnet.  Now  the  force  of 
magnetic  attraction  or  repulsion  decreases  with  the  distance ;  and,  as  the  dis- 
tance between  the  south  pole  of  the  needle  and  the  north  pole  of  the  magnet 
is  less  than  the  distance  between  the  south  pole  of  the  needle  and  the  south 
pole  of  the  magnet,  the  attraction  predominates  over  the  repulsion,  and  the 
needle  moves  towards  the  magnet.  But  the  earth's  magnetic  north  pole  is 
so  distant  from  the  floating  needle  that  its  length  may  be  considered  infi- 
nitely small  in  comparison,  and  one  pole  of  the  needle  is  just  as  strongly 
repelled  as  the  other  is  attracted. 

691.  Marnetio  elements.  Beollnatloii. — In  order  to  obtain  a  full 
knowledge  of  the  earth's  magnetism  at  any  place  three  essentials  are  re- 
quisite :  these  are — i.  Declination  ;  ii.  Inclination  ;  iii.  Intensity.  These 
three  are  termed  the  magnetic  elements  of  the  place.  We  shall  explain  them 
in  the  order  in  which  they  stand. 

The  geographical  meridian  of  a  place  is  the  imaginary  plane  passing 
through  this  place  and  through  the  two  terrestrial  poles,  and  the  meridian 
is  the  outline  of  this  plane  upon  the  surface  of  the  globe.  Similarly  the 
magnetic  meridian  of  a  place  is  the  vertical  plane  passing  at  this  place 
through  the  two  poles  of  a  movable  magnetic  needle  in  equilibrium  about  its 
vertical  axis. 

In  general  the  magnetic  meridian  does  not  coincide  with  the  geogra- 
phical meridian,  and  the  angle  which  the  magnetic  makes  with  the  geogra- 
phical meridian— that  is  to  say,  the  angle  which  the  direction  of  the  lieedle 
makes  with  the  meridian — is  called  the  declination  or  variation  oj  the 
Magnetic  needle.    The  declination  is  said  to  be  east  or  ivest^  according  as 
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the  north  pole  of  the  needle  is  to  the  east  or  west  of  the  geographical  meri- 
dian. 

692.  VaiiatloBs  In  deellaatloii. — The  declination  of  the  magnetic 
needle,  which  varies  in  different  places,  is  at  present  west  in  Europe  and  in 
Africa,  but  east  in  Asia  and  in  the  greater  part  of  North  and  South  America. 
It  shows  further  considerable  variations  even  in  the  same  place.  These 
variations  are  of  two  kinds :  some  are  regular,  and  are  either  secular, 
annual,  or  diurnal ;  others,  which  are  irregular,  are  called  magnetic  storms 

(694). 

Secular  variations, — In  the  same  place  the  declination  varies  in  the 

course  of  time,  and  the  needle  appears  to  make  oscillations  to  the  east  and 

west  of  the  meridian,  the  duration  of  which  extends  over  centuries.    The 

declination  has  been  known  at  Paris  since  1580,  and  the  following  table 

represents  the  variations  which  it  has  undergone  : — 


Year 

Declination 

Year 

Declination 

1580     . 

.     1 1^  30'  E. 

1830      .                      .      22°I2'W 

1663      . 

.      0^ 

1835 

.      22°     4'W 

1700     . 

.      8'  10'  W. 

1850 

.     20°  30'  W 

1780     . 

.     I9*»  55'  W. 

1855 

.     I9"57'W 

1785      . 

.     22^        W. 

i860 

.     19*^  32'  W 

1805      . 

.    22^    5'W. 

1865 

.     i8°44'W. 

1814      . 

.     22*»34'W. 

1875      . 

.     I7°2I'\V 

1825      • 

.    22^22'W. 

1878      . 

17**        W 

This  table  shows  that  since  1580  the  declination  has  varied  at  Paris  as 
much  as  34%  and  that  the  greatest  westerly  declination  was  attained  in  18 14, 
since  which  time  the  needle  has  gradually  tended  towards  the  east. 

At  London,  the  needle  showed  in  1580  an  easterly  declination  of  1 1°  36' ; 
in  1663  it  was  at  zero  ;  from  that  time  it  gradually  tended  towards  the  west, 
and  reached  its  maximum  declination  of  24°  41'  in  1818  ;  since  then  it  has 
steadily  diminished  ;  it  was  22°  30'  in  1850,  19°  32'  in  1873,  ^9*^  24'  in  1874 
19*16'  in  1875,  19°  10' in  1876,  19^3'  in  1877,  18^52'  in  1878,  18°  40' in 
1881,  and  is  now  (1883)  18''  15'  W. 

At  Yarmouth  and  Dover  the  variation  is  about  40'  less  than  at  London  ; 
at  Hull  and  Southampton  about  20'  greater;  at  Newcastle  and  Swansea 
about  I**  45',  and  at  Liverpool  2®  o',  at  Edinburgh  3**  o',  and  at  Glasgow  and 
Dabltn  about  3®  50'  greater  than  at  London. 

The  following  are  the  observations  of  the  magnetic  elements  at  Kew  for 
the  last  sixteen  years  : — 


Year 

Declination 

Inclination 

Horizontal  Intensity 

1865           .           .           .                     20**  59' 

68°    7' 

3*829 

1867 

20°  40' 

68°    3' 

3*844 

1868 

20°  33' 

68'    2' 

3848 

1869 

20°  25' 

68"    I' 

3*852 

1871 

20°  10' 

67°  57' 

3-863 

1872 

20°  0' 

67°  54' 

3*869 

1873 

19°  57' 

67°  52' 

3*877 

1874 

19°  52' 

67°  SO' 

3*88 1 

1875 

19°  41' 

67°  48' 

3885 
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Inclination 

Horizoatal  Intensity 

670  46' 

3-885 

67°  45' 

3891 

67°  44' 

3895 

67°  42' 

3900 

67°  42' 

3899 

67°  41' 

3*903 

67"  41' 

3-904 

Year  Declination 

1876  ....  19°  31^ 

1877  ....  19®  22' 

1878  ....  19''  14' 

1879  19"  6' 

1880  ....   18°  59' 

1881  ....   18*  50' 

1882  ....   18®  45' 

In  certain  parts  of  the  earth  the  magnet  coincides  with  the  geographical 
meridian.  These  points  are  connected  by  an  irregularly  curved  imaginary 
line,  called  a  line  of  no  variation^  or  agonic  line.  Such  a  line  cuts  the  east 
of  South  America,  and  passing  east  of  the  West  Indies,  enters  North 
America  near  Philadelphia,  and  traverses  Hudson's  Bay ;  thence  it  passes 
through  the  North  Pole,  entering  the  Old  World  cast  of  the  White  Sea, 
traverses  the  Caspian,  cuts  the  east  of  Arabia,  turns  then  towards  Australia, 
and  passes  through  the  South  Pole,  to  join  itself  again. 

Isogenic  lines  are  lines  connecting  those  places  on  the  earth's  surface  in 
which  the  declination  is  the  same.  The  first  of  the  kind  was  constructed  in 
1700  by  H  alley  ;  as  the  elements  of  the  earth's  magnetism  are  continually 
changing,  the  course  of  such  a  line  can  only  be  determined  for  a  certain 
time. 

Maps  on  which  such  rsogonic  lines  are  depicted  are  called  declination 
or  variation  ynaps  ;  and  a  comparison  of  these  in  various  years  is  well  fitted 
to  show  the  variation  which  this  magnetic  element  undergoes.  Plate  111. 
represents  a  map  in  Mercator's  projection  giving  these  lines  for  the  year  1882. 
It  will  be  seen  that  the  surface  of  the  globe  is  divided  by  these  lines  into  two 
regions  :  one,  the  smaller,  in  which  the  variation  is  westerly  as  indicated  by 
the  continuous  lines  ;  the  other  in  which  the  variation  is  easterly,  as  indicated 
by  the  dotted  lines.  This  chart  is  useful  to  the  mariner  as  not  only  giving 
him  the  declination  in  any  place,  but  also  as  showing  him  the  places  on  the 
globe  where  the  declination  changes  most  rapidly.  Of  these  the  most 
remarkable  are  the  coast  of  Newfoundland,  the  Gulf  of  St.  Lawrence,  the 
seaboard  of  North  America,  and  the  English  Channel  and  its  approaches. 

693.  Annual  Tariations. — Cassini  first  discovered  in  1780  that  the 
declination  is  subject  to  small  annual  variations.  At  Paris  and  London  it  is 
greatest  about  the  vernal  equinox,  diminishes  from  that  time  to  the  summer 
solstice,  and  increases  again  during  the  nine  following  months.  It  does  not 
exceed  from  15'  to  18',  and  it  varies  somewhat  at  different  epochs. 

The  diurnal  variations  were  first  discovered  by  Graham  in  1722  ;  they 
can  only  be  observed  by  means  of  long  needles  or  delicate  indicators  such 
as  the  reflection  of  a  ray  of  light  (522)  and  very  sensitive  instruments  (702). 
In  this  country  the  north  pole  moves  every  day  from  east  to  west  from  sun- 
rise until  one  or  two  o'clock  ;  it  then  tends  towards  the  east,  and  at  about 
ten  o'clock  regains  its  original  position.  During  the  night  the  needle  is 
almost  stationary.  Thus  the  westerly  declination  is  greatest  during  the 
warmest  part  of  the  day. 

At  Paris  the  mean  amplitude  of  the  diurnal  variation  from  April  to 
September  is  from  13'  to  15',  and  for  the  other  months  from  8'  to  10'.  On 
som^  days  it  amounts  to  25',  and  on  others  docs  not  exceed  5'.    The  greatest 
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is  not  always  at  the  same  lime.    The  amplitude  of  the  daily 
lions  decreases  from  the  poles  towards  the  equator,  where  it  is  very  feeble. 
Thus  In  the  island  of  Rewak  it  never  exceeds  3'  to  4'. 

694.  Aooia«ntaJ  vbtIbUoos  and  pertorlMtlMiB.— The  decli 
accidentally  disturbed  in  its  dnily  variations  by  many  causes,  such  as  earth- 
quakes, the  aurora  boreali's,  and  volcanic  eruptions.  The  eflfect  of  the 
aurora  is  fell  at  great  distances.  Auroras,  which  are  only 
northerly  parts  of  Europe,  act  on  the  needle  even  in  these  latitudes,  where 
accidental  variations  of  1°  or  2°  have  been  observed.  In  polar  regions  the 
needle  frequently  oscillates  several  degrees  ;  its  irregularity  on  the  day  before 
the  aurora  borealis  is  a  presage  of  the  occurrence  of  this  phenomenon. 

Another  remarkable  phenomenon  is  the  simultaneous  occurrence  of 
magnetic  [lerturbalions  in  very  distant  countries.  Thus  Sabine  mentions 
a  magnetic  disturbance  which  was  felt  simultaneously  at  Toronto,  the  Cape, 
Prague,  and  Van  Dicmcn's  Land.  Such  simultaneous  perturbations  have 
received  the  name  of  magnetic  storms. 

695.  linnHa«t1<tn  eompasa.— The  declination  compa.u  is  an  instrument 
by  which  the  magnetic  declination  of  any  place  may  be  determined  when 
its  astronomical  meridian  is 
known.  The  form  re  presented 
in  fig.  587  consists  of  a  brass 
box,  AB,  in  the  bottom  of 
which  is  a  graduated  circle, 
M.  In  the  centre  is  a  pivot 
on  which  oscillates  a  very 
light  lozenge  .shaped  mag- 
netic Deeflle,ii3.  To  the  bo:( 
are  attjchcd  two  uprights, 
supporting  a  horizontal  a\is, 
X,  on  which  is  tixed  an  as- 
tronomical telescope,  L, 
movable  in  a  vertical  plane. 
The  box  rests  on  a  foot,  P, 
■bout  which  it  can  turn  In  a 
horizontal  plane,  taking  with 
it  (he  telescope.  A  lixed 
eirele,  QR,  which  is  called 
ihc  asimuthal  circle^  mi;.i- 
sures  the  number  of  degrees 
throtigh  which  the  lelcscop.- 
has  been  turned,  by  means 
o(  a  vernier,  V,  fixed  to  the 
hoK.  The  inclin.-ilion  of  the 
telescope,  in  reference  to  the 
horiion,  may  be  measured  by 

another  vernier,  K,  which  moves  with  the  axis  of  the  telescope,  and  is  read 
off  on  a  fixed  graduated  arc, , 

The  first  thing  In  determining  the  declination  is  to  adjust  the  compass 
hnTiionially  by  means  of  the  screws  SS,  and  the  level  n.    The  asWox\QTO\cA 
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Fig.  588. 


Fig.  589. 


meridian  is  then  found,  either  by  an  observation  of  the  sun  at  noon  exactly, 
or  by  any  of  the  ready  methods  known  to  astronomers.  The  box  AB  is 
then  turned  until  the  telescope  is  in  the  plane  of  the  astronomical  meridian. 
The  angle  made  by  the  magnetic  needle  with  the  diameter  N,  which  corre- 
sponds with  the  zero  of  the  scale,  aild  is  exactly  in  the  plane  of  the  telescope, 
is  then  read  off  on  the  graduated  limb,  and  this  is  east  or  west,  according  as 
the  pole  a  of  the  needle  stops  at  the  east  or  west  of  the  diameter  N. 

696.  Correotioii  of  errors. — These  indications  of  the  compass  are  only 
correct  when  the  magnetic  axis  of  the  needle— that  is,  the  right  line  passing 
through  the  two  poles — coincides  with  its  axis  of  figure,  or  the  line  connecting 

its  two  ends.  This  is 
not  usually  the  case, 
and  a  correction  must 
therefore  be  made, 
which  is  done  by  the 
method  of  reversion. 
For  this  purpose  the 
needle  is  not  fixed  in 
the  cap,  but  merely 
rests  on  it,  so  that  it 
I  can  be  removed  and 
its  positions  reversed ; 
thus  what  was  before 
the  lower  is  now  the 
upper  face.  The  mean  between  the  observations  made  in  the  two  cases 
gives  the  true  declination. 

For,  let  NS  be  the  astronomical  meridian,  ab  the  axis  of  figure  of  the 
needle,  and  fnn  its  magnetic  axis  (fig.  588).  The  true  declination  is  not  the 
arc  Ntf,  but  the  arc  Nw,  which  is  greater.  If  now  the  needle  be  turned,  the 
line  vtn  makes  the  same  angle  with  the  meridian  NS  ;  but  the  north  end  of 
the  needle,  which  was  on  the  right  of  mn^  is  now  on  the  left  (fig.  589),  so  that 
the  declination,  which  was  previously  too  small  by  a  certain  amount,  is  now 
too  large  by  the  same  amount.  Hence  the  true  declination  is  given  by  the 
mean  of  these  two  observations. 

697.  Mariner's  compass.— The  magnetic  action  of  the  earth  has  received 
its  most  important  application  in  the  mariner's  compass.  This  is  a  declina- 
tion compass  used  in  guiding  the  course  of  a  ship.  Fig.  590  represents  a 
view  of  the  whole,  and  fig.  591  a  vertical  section.  It  consists  of  a  cylindrical 
case,  BB',  which,  to  keep  the  compass  in  a  horizontal  position  in  spite  of  the 
rolling  of  the  vessel,  is  supported  on  gimbals.  These  are  two  concentric 
rings,  one  of  which,  attached  to  the  case  itself,  moves  about  the  axis  x^/ which 
plays  in  the  outer  ring  AB,  and  this  moves  in  the  supports  PQ,  about  the 
axis  w/z,  at  right  angles  to  the  first. 

In  the  bottom  of  the  box  is  a  pivot,  on  which  is  placed,  by  means  of  an 
agate  cap,  a  magnetic  bar,  ab^  which  is  the  needle  of  the  compass.  On  this 
is  fixed  a  disc  of  mica,  a  little  larger  than  the  length  of  the  needle,  on  which 
is  traced  a  star  or  rose^  with  thirty-two  branches,  making  the  eight  points  or 
rhumbs  of  the  wind,  the  demi-rhumbs,  and  the  quarters.  The  branch  ending 
\n  a  small  star,  and  called  N,  corresponds  to  the  bar  ab^  which  is  underneath 
the  disc. 


Inclination.     Magnetic  Equator. 

The  compass  is  placed  near  ihe  stem  of  the  \ 
Knowing  the  direclion  of  the  compass  in  which  the  ship  is 
t  has  the  rudder  turned  till  the  directi 


;  inside  of  the  bos,  and  parallel  with 


S"- 


passing  ihroogh  a  line  d  marked  o; 

'lie  kec!  of  the  vessel. 

Neither  the  inventor  of  the  compass,  nor  Ihe  exact  time  of  its  invention, 

is  known.     Guyol  de  Provins,  a  French  poet  of  the  twelfth  ceniurj',  first 

"uniinns  the  use  of  the  ma^et  in  navigation,  though  it  is  probable  (hat  long 

twfere    this    the    Chinese    had 

"wlii.  The  ancient  navigators,  \ 

*ho  were  unacquainted  with  the     MQ 

wmpass,  had   only  the  sun  or    A 

pole-star  as  a  guide,  and  were         3 

wtofdingly   compelled  to  keep 

constantly  in  sight  of  land  for 

fcar  of  steering    in    a    wrong 

liitection  when  the  sky  was  clouded. 

698.  zaeUnkUon.    MB«nette  aqiUktor.~lt  might  he  supposed,  from  Ihe 

nonherly  direction  which  the  magnetic  needle  takes,  that   the  force  acting 

Dpon  it  is  situated  in  a  point  of  the  horizon.     Thjs  is  not  the  case,  for  If  the 

needle  be  so  arranged  ;hat  it  can  move  freely  in  a  vertical  plime  about  a 
horiionial  axis,  it  will  be  seen  that,  although  the  centre  of  gravity  of  the 
needle  coincides  with  the  centre  of  suspension,  the  north  pole  ip  our  hemi- 
sphere dips  downwards.  In  the  other  hemisphere  the  south  pole  is  inclined 
downwards. 

The  angle  which  the  magnetic  needle  makes  with  the  hori/on,  when  Ihe 
vertical  plane,  in  which  it  moves,  coincides  with  the  magnetic  meridian,  is 
called  the  inclination  or  dip  of  the  needle.  In  any  other  plane  than  the 
magnetic  meridian  the  inclination  increaseSy  and  is  90°  in  a  plane  at  right 
angles  10  the  magnetic  meridian.  For  Ihe  magnetic  inclination  represents 
the  direction  of  the  total  magnetic  force,  and  may  be  decomposed  into  \.'4tQ  ^ 
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forces,  one  acting  in  a  horizontal  and  the  other  in  a  vertical  plane.  When 
the  needle  is  moved  so  that  it  is  at  right  angles  to  the  magnetic  meridian, 
the  horizontal  component  can  only  act  in  the  direction  of  the  axis  of  suspen- 
sion, and,  therefore,  cannot  affect  the  needle,  which  is  then  solely  influenced 
by  the  vertical  component,  and  stands  vertically.  The  following  considera- 
tions will  make  this  clearer  ; — 

Let  NS  (fig.  592)  represent  a  magnetic  needle  capable  of  moving  in  a 
vertical  plane.     Let   NT   represent  in  direction  and   intensity  the  entire 

force  of  the  earth's  magnetism  acting 
•on  the  pole  N.  Then  NT  can  be  re- 
solved into  the  forces  NA  and  NV ; 
TN^  being  the  angle  of  inclination  or 
dip. 

NT  is  termed  the  total  force  M  ; 
^'s-  59»-  and  its  components  are  N//,  or  the  hori- 

sontal  force  H,  and  NV,  or  the  vertical  force  Z. 

Now,  it  is  clear  that  the  greater  the  angle  of  dip,  TNA,  the  less  becomes 
N^,  or  the  horizontal  force,  and  the  greater  NV,  or  the  vertical  force. 
Hence,  in  high  latitudes  the  directive  force  of  a  compass,  which  depends  on 
the  horizontal  force,  is  less  than  in  low  latitudes.  At  the  magnetic  poles  the 
horizontal  force  will  be  ///7,  and  the  vertical  force  a  maximum  ;  here,  there- 
fore, the  needle  will  be  vertical.  At  the  magnetic  equator  the  reverse  is  the 
case,  and  the  needle  will  be  horizontal.  Hence,  the  oscillations  of  a  compass 
needle,  by  which,  as  will  presently  be  explained,  the  strength  of  the  earth's 
magnetism  is  measured,  become  fewer  and  fewer  in  a  given  time  as  the 
magnetic  poles  are  approached,  although  there  is  really  an  increase  in  the 
total  force  of  the  earth. 

Again,  the  reason  why  a  dipping-needle  stands  vertical  when  placed  E. 
and  W.  is  clearly  because  in  those  positions  the  horizontal  force  now  acting 
at  right  angles  to  the  plane  of  motion  of  the  needle  is  ineffectual  to  move  it, 
and  therefore  merely  produces  a  pressure  on  the  pivot  which  supports  the 
needle.  But  the  vertical  component  of  the  total  force  remains  unaffected 
by  the  new  position  of  the  needle.  Acting,  therefore,  entirely  alone  when 
the  dipping-needle  is  exactly  E.  and  \V.,  this  vertical  component  drags  the 
needle  into  a  line  with  itself ;  that  is,  90°  from  the  horizontal  plane. 

The  value  of  the  dip,  like  that  of  the  declination,  differs  in  different 
localities.  It  is  greatest  in  the  polar  regions,  and  decreases  with  the  latitude 
to  the  equator,  where  it  is  approximately  zero.  In  London  at  the  present 
time  (1883)  the  dip  is  67°  32',  reckoning  from  the  horizontal  line.  In 
the  southern  hemisphere  the  inclination  is  again  seen,  but  in  a  contrary 
direction  ;  that  is,  the  south  pole  of  the  needle  dips  below  the  horizontal 
line. 

The  magnetic  poles  are  those  places  in  which  the  dipping-needle  stands 
vertical  :  that  is,  where  the  inclination  is  90°.  In  1830  the  first  of  these,  the 
terrestrial  north  pole,  was  found  by  Sir  James  Ross  in  96®  43'  west  longitude 
and  70°  north  latitude.  The  same  observer  found  in  the  South  Sea,  in  76*^ 
south  latitude  and  168"^  east  longitude,  that  the  inclination  was  88°  37'. 
From  this  and  other  observations,  it  has  been  calculated  that  the  position  of 
Xht  magnetic  south  pole  was  at  that  time  in  about  1 54^  east  longitude  and 
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5^^  south  latitude.  The  line  of  no  declination  passes  through  these  poles, 
ad  the  lines  of  equal  declination  converge  towards  thein. 

The  magnetic  equator,  or  aclinic  line,  is  the  line  which  joins  all  those 
laces  on  the  earth  where  there  is  no  dip ;  that  is,  all  those  in  which  the 
ipping-needle  is  quite  horizontal.  It  is  a  somewhat  sinuous  line,  not  differ- 
ig  much  from  a  great  circle  inclined  to  the  equator  at  an  angle  of  12**,  and 
iitting  it  on  two  points  almost  exactly  opposite  each  other — one  in  the 
ktlantic,  and  one  in  the  Pacific.  These  points  appear  to  be  gradually  moving 
leir  position,  and  travelling  from  east  to  west. 

Lines  connecting  places  in  which  the  dipping-needle  makes  equal  angles 
re  called  isoclinic  lines.  They  have  a  certain  analogy  and  parallelism  with 
le  parallels  of  latitude,  and  the  term  magnetic  latitude  is  sometimes  used  to 
enote  positions  on  the  earth  with  reference  to  the  magnetic  dip.  Plate  IV. 
» an  inclination  map  for  the  year  1882,  the  construction  of  which  is  quite 
nalogous  to  that  of  the  map  of  declination. 

The  inclination  is  subject  to  secular  variations,  like  the  declination,  as  is 
eadily  seen  from  a  comparison  of  maps  of  inclination  for  different  epochs. 
U  Paris,  in  1671,  the  inclination  was  75® ;  since  then  it  has  been  continually 
lecreasing :  in  1835  it  was  67®  14' ;  in  1849,  67°;  in  1859,  66**  14';  and  in 
874,  65**  23'. 

The  following  table  gives  the  alterations  in  the  inclination  at  London, 
rom  which  it  will  be  seen  that  since  1723,  in  which  it  was  at  its  maximum, 
\  has  continually  diminished  by  something  more  than  two  minutes  in  each 
^r. 


Year 

1576 
1600 
1676 

'723 

1773 
1780 

1790 
1800 

182I 


Inclination 

Year 

•       .        71°  so' 

1828 

72° 

1838 

73°  30' 

1854 

.74°  42' 

1859 

72°  19' 

1874 

72°  8' 

1876 

71"  33' 

1878 

70°  35' 

1880 

70°  31' 

I881 

Inclination 

69°  47' 
69°  17' 

68'' 31' 
68°  21' 

67°  43' 

67°  39' 
67°  36' 

67°  35' 
67°  35' 


699.  Xnolinatton  compass. — An  inclination  compass,  or  dip  needle,  is  an 
nstrument  for  measuring  the  magnetic  inclination  or  dip.  One  form,  repre- 
•ented  in  fig.  593,  though  not  best  adapted  for  the  most  accurate  measure- 
nents,  is  well  suited  for  illustrating  the  principle.  It  consists  of  a  graduated 
lorizontal  brass  circle  ;;/,  supported  on  three  legs,  provided  with  levelling 
crews.  Above  this  circle  there  is  a  plate  A,  movable  about  a  vertical 
ixis,  and  supporting,  by  means  of  two  columns,  a  second  graduated  circle  M, 
irhich  measures  the  inclination.  The  needle  rests  on  a  frame  r,  and  the 
liameter  passing  through  the  two  zeros  of  the  circle  M  can  be  ascertained 
0  be  perfectly  horizontal  by  means  of  the  spirit-level  n. 

To  observe  the  inclination,  the  magnetic  meridian  must  first  be  deter- 
nined,  which  is  effected  by  turning  the  plate  A  on  the  circle  m,  until  the 
needle  is  vertical,  which  is  the  case  when  it  is  in  a  plane  at  right  angles  to 
he  magnetic  meridian  (698).     The  plate  A  is  then  turned  90^  on  the  circle 
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m,  by  which  the  vertical  circle  M  is  brought  into  the  magnetic  mericUan. 
The  angle  dca,  which  the  magnetic  needle  makes  with  the  horiiontal  dia- 
meier,  is  the  angle  of  inclination. 

There  are  here  several  sources  of  error,  which  must  be  allowed  for.  The 
most  important  are  these ;— i.  The  m^netic  axis  of  the  needle  may  not 
coincide  with  its  axis  of  figure  : 
hence  an  error,  which  is  cor- 
rected by  a  method  of  reversion 
analogous  to  that  already  de- 
scribed (696).  ii.  The  centre  of 
gravity  of  the  needle  may  not 
coincide  with  the  axis  of  suspen- 
sion, and  then  the  angle  dca  is 
too  great  or  too  small,  according 
as  the  centre  of  gravity  is  below 
or  above  the  centre  of  suspen- 
sion ;  for  in  the  first  case  the 
action  of  gravity  is  in  the  same 
direction  as  that  of  inagnetism, 
and  in  the  second  it  is  in  the 
opposite  direction.  To  correa 
this  error,  the  poles  of  the 
needle  must  be  reversed  by  first 
de-magnetising  il,  and  then  im- 
parting a  contrary  magnetism 
to  what  it  had  at  first.  The 
inclination  is  now  re-determined, 
and  the  mean  taken  of  the  re- 
sults obtained  in  the  two  groups 
of  operations,  iii.  The  plane  of  the  ring  may  not  coincide  with  the  true  mag- 
netic meridian.  It  should  be  in  that  plane  when  the  needle  has  its  minimum 
deviation  ;  an  observation  of  this  kind  should  therefore  be  taken  along  with 
that  previously  described,  by  which  the  needle  is  moved  90°  from  its  maxi- 
mum deviation. 

The  dipping-needle  may  be  used  to  determine  the  inclination  in  another 
way.  It  is  first  allowed  to  oscillate  in  the  magnetic  meridian,  and  then  in 
a  plane  at  right  angles  to  it.  If  the  number  of  oscillations  in  a  given  time 
in  the  fir^I  position  be  n,  and  in  the  second  position  ff„  then  in  the  first  position 
the  whole  force  of  the  earth's  magnetism  E  acts,  and  in  the  second  posi- 
tion only  the  vertical  component,  which  is  E  sin  r,  j- being  the  angle  of  dip. 
Now,  since  the  forces  acting  on  the  needle  are,  from  the  laws  of  the  pen- 
dulum (55),  as  the  squares  of  the  number  of  oscillations  in  a  given  time,  we 
have  5^  .' —  =    .^,  fron)  which  sin  x  =  — ^-, 

700.  AMbUo  needle  and   aalKtlo  aytMntr—  An  astatic  needle  is  one 

which  is  uninfluenced  by  the  earth's  magnetism.  A  needle  movable  about 
an  axis  in  the  plane  of  the  magnetic  meridian  and  parallel  to  the  inclination 
would  be  one  of  this  kind  ;  for  the  terrestrial  magnetic  couple,  acting  then 


Fig.  593. 
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Fig.  594. 


in  the  direction  of  the  axis,  cannot  impart  to  the  needle  any  determinate 
direction. 

An  astatic  system  is  a  combination  of  two  needles  of  the  same  force 
joined  parallel  to  each  other  with  the  poles  in  contrary  directions,  as  shown 
in  fig.  594.  If  the  two  needles  have  exactly  the 
same  magnetic  force,  the  opposite  action  of  the 
earth's  magnetism  on  the  poles  of  and  b  and  on 
the  poles  a  and  ^  counterbalance  each  other ;  the 
system  is  then  completely  astatic,  and  sets  at 
right  angles  to  the  magnetic  meridian. 

A  single  magnetic  needle  may  also  be  rendered 
astatic  by  placing  a  large  magnet  near  it.  By 
repeated  trials  a  certain  position  and  distance 
can  be  found  at  which  the  action  of  the  magnet 
on  the  needle  just  neutralises  that  of  the  earth's 
magnetism,  and  the  needle  is  free  to  obey  any 
third  force. 

701.  XBtsBstty  Of  tbe  eartli's  maimetiMii. — If  a  magnetic  needle  be 
moved  from  its  position  of  equilibrium  it  will  i  evert  to  it  after  a  series  of 
oscillations,  which  follow  laws  analogous  to  those  of  the  pendulum  (80).  If 
the  magnet  be  removed  to  another  place,  and  caused  to  oscillate  during  the 
same  length  of  time  as  the  first,  a  different  number  of  oscillations  will  be 
observed.  And  the  intensity  of  the  earth's  magnetism  in  the  two  places 
will  be  respectively  proportional  to  the  squares  of  the  number  of  oscilla- 
tions. 

If  at  M  the  number  of  oscillations  in  a  minute  had  been  25  ^/r,  and  at 
another  place  M^,  24  »  n\  we  should  have — 

Intensity  of  the  earth'smagnetism  at  M  ^n^  ^625  ^  ..QO- 
Intensity  of  the  earth's  magnetism  at  M'    «^'     576 

That  is,  if  the  intensity  of  the  magnetism  at  the  second  place  is  taken  as 
unity,  that  of  the  first  is  1*085.  ^^  ^^^  magnetic  condition  of  the  needle  had 
not  changed  in  the  interval  between  the  two  observations,  this  method  would 
give  the  relation  between  the  intensities  at  the  two  places. 

In  these  determinations  of  the  intensity,  it  would  be  necessary  to  have  the 
oscillations  of  the  dipping-needle,  which  are  produced  by  the  total  force  of 
the  earth's  magnetism.  These,  however,  are  difficult  to  obtain  with  accuracy, 
and,  therefore,  the  oscillations  of  the  declination  needle  are  usually  taken. 
The  force  which  makes  the  declination  needle  oscillate  is  only  a  portion  of 
the  total  magnetic  force,  and  is  smaller  in  proportion  as  the  inclination  is 
greater.  If  a  line  ar  -  M  (fig.  595)  represent  the  total  force, 
the  angle  1  the  inclination,  then  the  horizontal  component  ab  « 
H  is  M  cos  /.  Hence  to  express  the  total  force  in  the  two 
places  by  the  oscillations  of  the  declination  needle,  we  must 
substitute  the  values  M  cos  /  and  M^  cos  i^  for  M  and  M'  in  the 
preceding  equation,  and  we  have — 

M  cos  I  ^^.  hence  ^ 
M'cos/'    n'*'  W 


ft'  cos  I 


n"^  cos  / 


Fi«.  595. 
That  is  to  say,  having  observed  in  two  different  places  the  number  of  osc\Ua^- 
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tions,  n  and  n\  that  the  same  needle  makes  in  the  same  time,  the  ratio  of 
the  magnetic  force  in  the  two  places  will  be  found  by  multiplying  the  ratio 
of  the  square  of  the  number  of  oscillations  by  the  inverse  ratio  of  the  cosine 
of  the  angle  of  dip. 

Plate  V.  is  a  chart  representing  the  horizontal  component  of  the  earth' 
force.     Knowing  the  angle  of  dip  /,  the  total  force  M,  or  the  vertical  force 
in  any  place,  may  be  obtained  from  the  values  in  the  chart  by  the  formul 
M  «  H  sec  / ;  and  Z  =«  H  tan  /. 

The  total  force  is  least  near  the  magnetic  equator,  and  increasing  withr 


the  latitude,  is  greatest  near,  but  not  quite  at,  the  magnetic  poles  ;  the  place-        s 

of  maximum  intensity  are  conveniently  named  the  magnetic  foci.     The  chai 1 

shows  that  the  horizontal  force  diminishes  as  we  go  towards  the  poles  :  thi^nis 

is  not  inconsistent  with  the  above  statement  if  we  take  the  dip  into  accoui it 

(698). 

The  lines  connecting  places  of  equal  intensity  are  called  isodynamic  lint         s. 
They  are  not   parallel   to  the  magnetic  equator,  but  seem  to  have  abo^i^Hit 

the  same  direction  as  the  isothermal   lines.     According   to    Kuppfer,  tl le 

intensity  appears  to  diminish  as  the  height  of  the  place  is  greater  ;  a  need le 

which  made  one  oscillation  in  24"  vibrated  more  slowly  by  coi"  at  a  heig       "ht 
of  1,000  feet  ;  but,  according  to  Forbes,  the  intensity  is  only  ^5-5  less  at  a 

height  of  3,000  feet.  There  is,  however,  some  doubt  as  to  the  accura 
of  these  observations,  owing  to  the  uncertainty  of  the  correction  for  tei 
peraturc. 

The  intensity  varies  in  the  same  place  with  the  time  of  day  :  it  attains  its 

maximum  between  4  and  5  in  the  afternoon,  and  is  at  its  minimum  betwe         en 
10  and  1 1  in  the  morning. 

According  to  Gauss,  the  total  magnetic  action  of  the  earth  is  the  same 
that  which  would  be  exerted  if  in  each  cubic  yard  there  were  eight 
magnets  each  weighing  a  pound. 

It  is  probable,  though  it  has  not  yet  been  ascertained  with  certainty,  tt  ^at 
the  intensity  undergoes  secular  variations.  From  measurements  made  at 
Kew,  it  appears  that,  on  the  whole,  the  total  force  experiences  a  very  sli^^ht 
annual  increase  (692). 

702.  Magrnetlc  observatories. — During  the  last  few  years  great  att  -^c^n- 
tion  has  been  devoted  to  the  observation  of  the  magnetic  elements,  and  ob^  cr- 
vatories  for  this  purpose  have  been  fitted  up  in  different  parts  of  the  gl(^  "^^• 
These  observations  have  led  to  the  discovery  that  the  magnetism  of  theei»-  ^th 
is  in  a  state  of  constant  fluctuation,  like  the  waves  of  the  sea.  And  in  stii-  ^y- 
ing  the  variations  of  the  declination,  &c.,  the  mean  of  a  great  number:"  of 
observations  must  be  taken,  so  as  to  eliminate  the  irregular  disturban  ^:=^cs, 
and  bring  out  the  general  laws. 

The  principle  on  which  magnetic  obser\'ations  are  automatically  recor  ^^^ 
is  as  follows: — Suppose  that  in  a  dark  room  a  bar  magnet  is  suspea^^^^^ 
horizontally,  and  at  its  centre  is  a  small  mirror  ;  suppose  further  that  a  lc?«-niP 
sends  a  ray  of  light  to  this  mirror,  the  inclination  of  which  is  such  that  ^"^ 
ray  is  reflected,  and  is  received  on  a  horizontal  drum  placed  underneath,  the 
lamp.  The  axis  of  the  drum  is  at  right  angles  to  the  axis  of  the  magnet:  ;  't 
is  covered  with  sensitive  photographic  paper,  and  is  rotated  uniforail"^''  ''>' 
clockwork. 
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If  now  the  magnet  is  quite  stationary,  and  the  drum  rotates,  the  reflected 
pot  of  light  will  trace  a  straight  line  on  the  paper  with  which  the  revolving 
Irum  is  covered.  But  if,  as  is  always  the  case,  the  position  of  the  magnet 
arics  during  the  twenty-four  hours,  the  effect  will  be  to  trace  a*sinuous  line 
n  the  paper.  These  lines  can  afterwards  be  fixed  by  ordinary  photographic 
(lethods. 

Knowing  the  distance  of  the  mirror  from  the  drum,  and  the  length  of  the 
aper  band  which  comes  under  the  influence  of  the  spot  of  light  in  a  given 
ime — twenty-four  hours,  for  instance — the  angular  deflection  at  any  given 
Qoment  may  be  deduced  by  a  simple  calculation  (522). 

The  observations  made  in  the  English  magnetic  observatories  were 
'educed  by  Sabine,  and  revealed  some  curious  facts  in  reference  to  the 
nagnetic  storms  (694).  He  found  that  there  is  a  certain  periodicity  in  their 
appearance  and  that  they  attain  their  greatest  frequency  about  every  ten 
years.  Independently  of  this,  Schwabe,  a  German  astronomer,  who 
studied  the  subject  many  years,  found  that  the  spots  on  the  sun,  seen  on 
looking  at  it  through  a  coloured  glass,  vary  in  their  number,  size,  and  fre- 
quency, but  attain  their  maximum  between  every  ten  or  eleven  years.  Now 
Sabine  established  the  interesting  fact  that  the  period  of  their  greatest  fre- 
quency coincides  with  the  period  of  greatest  magnetic  disturbance.  Other 
remarkable  connections  between  the  sun  and  terrestrial  magnetism  have  been 
observed  ;  one,  especially,  of  recent  occurrence  has  attracted  considerable 
Mention.  It  was  the  flight  of  a  large  luminous  mass  across  a  vast  sun-spot, 
while  a  simultaneous  perturbation  of  the  magnetic  needle  was  observed  in 
the  observatory  at  Kew  ;  subsequent  examination  of  magnetic  observations 
in  various  parts  of  the  world  showed  that  within  a  few  hours  one  of  the  most 
Solent  magnetic  storms  ever  known  had  prevailed. 

It  seems,  however,  that  these  accidental  variations  in  the  declination  can- 
not be  due  to  changes  in  any  direct  action  of  a  possible  magnetic  condition 
of  either  the  sun  or  the  moon.  For  it  can  be  shown  that  if  the  magneti- 
^ion  of  the  latter  were  as  powerful  as  that  of  the  earth,  its  action  could 
not  amount  to  the  j^^th  of  a  second,  a  quantity  which  cannot  possibly  be 
Pleasured.  In  order  to  produce  a  variation  of  10'  such  as  is  frequently  met 
*'ith,  the  magnetisation  of  the  sun  or  of  the  moon  must  be  12,000  times  that 
^  the  earth  ;  in  other  words,  a  more  powerful  magnetisation  than  that  of  the 
'^ost  powerfully  magnetised  steel  bars. 

Magnetic  storms  are  nearly  always  accompanied  by  the  exhibition  of  the 
Aurora  borealis  in  high  latitudes  ;  that  this  is  not  universal  may  be  due  to 
^^c  fact  that  many  auroras  escape  notice.  The  converse  of  this  is  true, 
'^t  no  great  display  of  the  aurora  takes  place  without  a  violent  magnetic 
*torm. 

The  centre  or  focus  towards  which  the  rays  of  the  aurora  converge  lies 
approximately  in  the  prolongation  of  the  direction  of  the  dipping-needle. 
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CHAPTER  III. 

LAWS  OF  MAGNETIC  ATTRACTIONS  AND  REPULSIONS. 

703.  KBwordeorttuD  Willi  diatanee, — Coulomb  discovered  the  remark- 
able law  in  reference  to  magnelism,  that  magnetic  attractions  and  rtpul- 
sions  are  inversely  as  the  squares  of  the  Histattces.  He  proved  this  by 
means  of  two  methods  ; — (i.)  that  of  the  torsion  balance,  and  (li.)  thai  of 
oscillations. 

704.  i.  The  tsralon  baiBnae. — This  apparatus  deptends  on  the  principle 
that,  when  a  wire  is  twisted  through  a  certain  sptace,  the  angle  of  torsion  is 

proportional  to  the  force  of  torsiM 


the  case  there  is  a  graduated  scale,  \ 

lib,  and  hence  llie  torsion  of  the  wire. 

When  the  mark  c  of  the 


(90).  It  consists  (fig. 
glass  case  closed  by  a  glass  top. 
with  an  aperture  near  the  edgCi 
to  allow  the  introduction  of  a  mag- 
net, A.  In  another  aperture  in 
the  centre  of  the  top  a  glass  tube 
fits,  provided  at  its  upper  extremity 
with  a  micrometer.  This  consists 
of  two  circular  pieces  ;  d,  which  i* 
fixed,  is  divided  on  the  edge  into 
360°,  while  on  one  e,  which  is  tnoi'- 
able,  there  is  a  mark,  c,  to  indiMtt 
its  rotation.  D  and  E  represent 
the  two  pieces  of  the  micrometer 
on  a  larger  scale.  On  E  there 
are  two  uprights  connected  by  a 
horizonLtl  axis,  on  which  is  a>tO' 
fine  silver  wire  supporting  a  niaB" 
netic  needle,  ah.  On  the  side  « 
idicates  the  angle  of  the  needle 


0  of  the  scale  D,  the  case  is  w 


ingcd  that  the  wire  supporting  the  needle  and  the  zero  of  the  scale  in  'I* 
case  are  in  the  magnetic  meridian.  The  needle  is  then  removed  from  i|i 
stirrup,  and  replaced  by  an  exactly  similar  one  of  copper,  or  any  unmagne*"^ 
substance  ;  the  tube,  and  with  it  the  pieces  D  and  E,  are  then  turned  so  tb»' 
the  needle  stop  i  at  zero  of  the  graduation.  The  magnetic  needle  ab,  being 
now  replaced,  is  exactly  in  the  magnetic  meridian,  and  the  wire  exerts  no 

Before  introducing  the  magnet  A,  it  is  necessary  to  investigate  the  action 


tors 
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of  the  earth's  magnetism  on  the  needle  aby  when  the  latter  is  removed  out  of 
the  magnetic  meridian.  This  will  vary  with  the  dimensions  and  force  of  the 
needle,  with  the  dimensions  and  nature  of  the  particular  wire  used,  and  with 
:hc  intensity  of  the  earth's  magnetism  in  the  place  of  observation.  Accord- 
ngly,  the  piece  E  is  turned  until  ab  makes  a  certain  angle  with  the  magnetic 
neridian.  Coulomb  found  in  his  experiments  that  E  had  to  be  turned  36® 
n  order  to  move  the  needle  through  1° ;  that  is,  the  earth's  magnetism  was 
iqual  to  a  torsion  of  the  wire  corresponding  to  35°.  As  the  force  of  torsion 
s  proportional  to  the  angle  of  torsion,  when  the  needle  is  deflected  from  the 
neridian  by  2,  3  .  .  .  degrees,  the  directive  action  of  the  earth's  magnetism 
s  equal  to  2,  3  .  .  .  times  35°. 

The  action  of  the  earth's  magnetism  having  been  determined,  the  magnet 
V  is  placed  in  the  case  so  that  similar  poles  are  opposite  each  other.  In  one 
rxperiment  Coulomb  found  that  the  pole  a  was  repelled  through  24°.  Now 
he  force  which  tended  to  bring  the  needle  into  the  magnetic  meridian 
iras  represented  by  24°  +  24  x  35  «  864,  of  which  the  part  24°  was  due  to  the 
orsion  of  the  wire,  and  24  x  35°  was  the  equivalent  in  torsion  of  the  directive 
orcc  of  the  earth's  magnetism.  As  the  needle  was  in  equilibrium,  it  is  clear 
hat  the  repulsive  force  which  counterbalanced  those  forces  must  be  equal  to 
{64°.  The  disc  was  then  turned  until  ab  made  an  angle  of  1 2°.  To  effect 
his,  eight  complete  rotations  of  the  disc  were  necessary.  The  total  force 
vhich  now  tended  to  bring  the  needle  into  the  magnetic  meridian  was  com- 
posed of: — 1st,  the  12°  of  torsion  by  which  the  needle  was  distant  from  its 
starting  point ;  2nd,  of  8  x  360°  -  2880,  the  torsion  of  the  wire  ;  and  3rd,  the 
Force  of  the  earth's  magnetism,  represented  by  a  torsion  of  12  x  35°.  Hence 
the  forces  of  torsion  which  balance  the  repulsive  forces  exerted  at  a  distance 
of  24''  and  of  12''  are— 

24°        ...        .  864 

12''        ...        .        3312 
Now,  3312  is  very  nearly  four  times  864 ;  hence,  for  half  the  distance  the 
repulsive  force  is  four  times  as  great. 

705.  ii.  Method  of  osoiUattons. — A  magnetic  needle  oscillating  under 
the  influence  of  the  earth's  magnetism  may  be  considered  as  a  pendulum, 
and  the  laws  of  pendulum  motion  apply  to  it  (55).  The  method  of  oscilla- 
tions consists  in  causing  a  magnetic  needle  to  oscillate  first  under  the  in- 
fluence of  the  earth's  magnetism  alone,  and  then  successively  under  the 
combined  influence  of  the  earth's  magnetism  and  of  a  magnet  placed  at 
Unequal  distances. 

The  following  determination  by  Coulomb  will  illustrate  the  use  of  the 
Hieihod.  A  magnetic  needle  was  used  which  made  15  oscillations  in  a 
nunute  under  the  influence  of  the  earth's  magnetism  alone.  A  magnetic  bar 
about  2  feet  long  was  then  placed  vertically  in  the  plane  of  the  magnetic 
nieridian,  so  that  its  north  pole  was  downwards  and  its  south  pole  presented 
to  the  north  pole  of  the  oscillating  needle  He  found  that  at  a  distance  of  4 
inches  the  needle  made  41  oscillations  in  a  minute,  and  at  a  distance  of  8 
inches  24  oscillations.  Now,  from  the  laws  of  the  pendulum  (55),  the  in- 
tensities of  the  forces  are  inversely  as  the  squares  of  the  times  of  oscillation. 
Hence,  if  we  call  M  the  force  of  the  earth's  magnetism, ;;/  the  attractive  force  of 
tbc  magnet  at  the  distance  of  4  inches, ;;/'  at  the  distance  of  8  inches,  we  have 

E  E  2 
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m  :  OT=4i'-i5':24'-i5'-i4S6  :  35"=4  ;  i  nearly,  ^^| 
or  w:/«'  =  4-i. 

In  other  words,  ilie  force  acting  ax  4  inches  is  quadruple  that  which  acts   ^ 
double  the  distance. 

The  above  results  do  not  quite  agree  with  the  numbers  required  by  lItm 
law  of  inverse  squares.  But  this  could  only  be  expected  to  apply  in  the  cf«_se 
in  which  the  repulsive  or  attractive  force  is  exerted  between  two  points,  a^id 
not,  as  is  here  the  case,  between  the  resultant  of  a  system  of  points.  And  \i 
is  to  this  fact  that  the  discrepancy  between  the  theoretical  and  observeif 
results  is  due. 

When  a  magnet  acts  upon  a  mass  of  soft  iron,  the  law  of  the  variation 
with  the  distance  is  moditied.  The  attraction  in  this  case  is  inversely  pro- 
portional to  the  distance  between  the  magnet  and  the  iron. 

When  the  distance  between  the  magnet  and  the  iron  is  small,  Tpdall 
found  that  the  attraction  is  diiealy  proportional  to  the  square  of  the  strengtti 
of  the  magnet ;  but  when  the  iron  and  the  magnet  are  in  contact,  then  the 
attraction  is  directly  proportional  to  the  strength  of  the  magnet. 


706.  BlnKiietlo  cnrrei.  — If  a  stout  sheet  of  paper  stretched  on  aft^'M 
be  bcld  over  a  horse-shoe  magnet,  and  then  some  very  fine  iron  filinp  " 
strewn  on  the  paper,  on  tapping  the  frame  the  filings  will  be  found  to  arraog' 
themselves  in  thread-like  cun'ed  lines,  stretching  from  pole  to  (>ole  (fig-  S9''' 
The  direction  of'l* 


These  lines  form  what  are  called  magnetic 
curve  at  any  point  represents  the  direction  of  the  n 

To  render  these  cur\'es  permanent,  the  paper  o 
should  be  waxed  ;  if  then  a  hot  iron  plate  be  held  o 
wax,  which  rises  by  capillary  attraction  (131)  betwee 
and  on  subsequent  cooling  connects  them  together. 

These  curves  are  a  graphic  representation  of  the  law  of  magnetic  attraf- 
lion  and  repulsion  with  regard  to  distance ;  for  under  the  influence  of  1''' 
two  poles  of  the  magnet,  each  particle  becomes  itself  a  minute  magneli'll 


lagnetism  at  this  poi"'' 
n  which  they  are  fon«d 
I'er  them,  this  melts  ib' 
ti  the  particles  of  fiW> 


-  i 
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poles  of  which  arrange  themselves  in  a  position  dependent  on  the  resuhant 
of  the  forces  exerted  upon  them  by  the  two  poles,  and  this  resultant  varies 
with  the  distance  of  the  two  poles  respectively.  A  small  magnetic  needle 
placed  in  any  position  near  the  magnet  will  take  a  direction  which  is  the 
tangent  to  the  curve  at  this  place. 

707.  Macnetlo  field. — The  space  in  the  immediate  neighbourhood  of 
any  magnet  undergoes  some  change,  in  consequence  of  the  presence  of  this 
magnet,  and  such  a  space  is  spoken  of  as  a  magfietic  field \  it  is  indeed  the 
sphere  of  action  of  the  magnet ;  the  effect  produced  by  the  magnet  is  often 
said  to  be  due  to  the  magnetic  field.  Magnets  of  different  powers  produce 
magnetic  fields  of  different  intensities.  The  strength  of  the  field  diminishes 
with  the  distance  from  the  magnet. 

The  direction  which  represents  the  resultant  of  the  magnetic  forces  at 
any  position  in  a  magnetic  field  is  spoken  of  as  the  direction  of  the  lines  of 
force  of  this  field.  In  the  above  figure  the  magnetic  curves  represent  the 
direction  of  the  lines  of  force  in  the  field  due  to  the  two  poles. 

A  uniform  magnetic  field  is  one  in  which  the  lines  of  force  are  parallel. 
This  is  practically  the  case  with  a  small  portion  of  a  field  at  some  distance 
from  a  long  thin  magnet  of  uniform  magnetisation.  The  dipping-needle, 
when  free  to  oscillate  in  a  vertical  plane  in  the  magnetic  meridian,  represents 
the  direction  of  the  lines  of  force  due  to  the  terrestrial  magnetic  field.  The 
fteld  due  to  this  in  any  one  place  is  uniform. 

708.  Total  aotton  of  two  marnots  on  eaOh  other. — In  the  above  case 
of  the  torsion  balance  one  pole  of  the  magnet  to  be  tested  was  at  so  great 
a  distance  that  it  could  not  appreciably  modify  the  influence  of  the  other. 
\Mien,  however,  the  conditions  are  such  that  both  poles  act,  then  they  follow 
a  diflferent  law,  as  will  now  be  demonstrated. 

Let  ns  (fig.  598)  be  a  small  magnetic  needle,  free  to  move  in  a  horizontal 
plane,  and  let  NS  be  a  bar  magnet  placed  at  right  angles  to  the  magnetic 
meridian,  at  a  distance  which  is  great  compared  with  its 
Own  dimensions,  and  so  that  the  straight  line  drawn  through 
its  middle  point  and  that  of  the  needle  coincides  with  the 
magnetic  meridian.  The  two  poles  S  and  s  will  repel  each 
other  in  the  direction  sa ;  if  mm^  is  the  repellent  force 
which  these  two  poles  would  exert  at  the  unit  distance,  then 

^~-j-i  is  the  force  which  they  would  exert  at  the  distance 

Sj  «  r ;  let  this  force  be  represented  in  direction  and  strength 
by  the  line  sa.  Similarly,  the  pole  N  will  act  on  j,  with  a 
fercc  represented  by  the  line  sc ;  S  and  N  being  at  the  same 
distance  r  from  j,  sa  and  sc  are  equal,  and  their  resultant 
Jfnay  be  represented  by  the  line  sb.  From  the  similarity  of 
the  triangles  bsa  and  NSj  we  have  the  proportion  Sj  :  SN  -= 
^\bs\  \l  f  is  the  value  of  the  resultant  bs^  that  is  the  total 
action  of  the  magnet  SN  on  the  pole  j,  and  if  /  be  half  the 

length  of  the  magnet  SN,  we  have  r  :2  h  '''''' 


Fig.  598. 


r" 


\f  from 


2mm' I 


^hich  f^^.-^^l  ;  that  is,  the  total  action  of  the  magnet  NS  upoxv  ^xvovVvftx 
*s  inversely  as  the  cube  oi  the  distance  r. 
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If  the  two  magnets  be  placed  as  represented  in  fig.  599,  the  needle 
being  in  the  magnetic  meridian,  and  the  deflecting  magnet  at  right  angles 
thereto,  and  so  that  the  prolongation  of  its  axis  bisects  the  needle,  then  if 
tnm^  is  the  force  with  which  the  pole  N  attracts  the  pole  s  at  the  unit  dis- 
tance, m  and  m,  being  the  strength  of  the  poles  in  the  bar  ms^et  and  the 
magnetic  needle  respectively,  the  attracting  force  at  the  distance  Nj  n-ill 

^  , ^  I  being  as  before  the  half- 

length  of  the  magnet,  and  r  the  dis- 
tance of  the  pole  s  from  the  middle 
of  the  magnet  NS  ;  in  like  manner 
the  repellent  force  with  which  S  acts 

^''^'  ^^'  upon  s  will  be  -^^!^..    If  ns  is  small 

compared  with  the  distance  of  the  bar  magnet  NS,  the  direction  of  these 
forces  may  be  assumed  to  be  parallel,  and  at  right  angles  to  ns.  Since  S 
is  nearer  than  N  the  repulsion  will  predominate,  and  the  total  force  with 
which  the  magnet  NS  acts  on  the  pole  s  is 

P_    mm,    __  mm, 

which,  assuming  that  /  is  so  small  in  comparison  with  r  that  its  square  and 
higher  powers  may  be  neglected,  gives  approximately 

P     4  mm,  I 

so  that  compared  with  the  first  position  of  the  magnet 

F  =  2/ 

709.  Betermination  of  mafimetism  in  absolute  measure. — The  com- 
parisons of  the  intensity  of  the  earth's  magnetism  in  different  places  (701)  ^^ 
only  relative.  Of  late  years  much  attention  has  been  devoted  to  the  method 
of  expressing  not  only  this,  but  all  other  magnetic  forces  in  what  is  called 
absolute  measure.  This  term  is  used  as  opposed  to  relative^  and  does  not 
imply  that  the  measure  is  absolutely  accurate,  or  that  the  units  of  comparison 
employed  are  of  perfect  construction  ;  it  means  that  the  measurements, 
instead  of  being  a  simple  comparison  with  an  arbitrary  quantity  of  the  same 
kind  as  that  measured,  are  referred  to  the  fundamental  units  of  time,  length, 
and  mass  (21). 

The  units  adopted  on  the  proposal  of  the  British  Association,  and  no^v 
almost  universally  received,  are  the  second  as  unit  of  time,  the  centimetre 
as  unit  of  length,  and  the  gramme  as  unit  of  mass.  This  system  is  called 
the  centimetre-gramme-second,  or  CG.S.  system,  and  units  referred  to  this 
system  are  spoken  of  as  CG.S.  units. 

The  manner  in  which  this  determination  is  made  in  the  case  of  magnet- 
ism, depends  essentially  on  the  obser\'ation  of  the  oscillation  of  a  horizontal 
bar  magnet  under  the  influence  of  the  earth's  magnetism  ;  and  in  the  second 
place,  on  observing  the  deflection  of  a  magnetic  needle  under  the  influence 
of  this  same  magnet. 

When  a  bar  magnet  suspended  by  a  thread  without  torsion,  free  to  oscil- 
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late  in  a  horizontal  plane,  is  deflected  from  its  position  of  equilibrium  and 
then  left  to  itself,  it  vibrates  backwards  and  forwards  through  its  position  of 
equilibrium,  making  oscillations  which,  if  small,  are  isochronous  like  those  of 
the  pendulum.  The  number  of  these  oscillations  in  a  given  time  depends  on  the 
mass  and  dimensions  of  the  bar,  on  its  magnetic  power,  and  on  the  intensity  of 
the  earth's  magnetism  in  the  place  of  observation.    The  time,  /,  of  a  complete 

oscillation  of  such  a  magnet  is  represented  by  the  formula  t^inA/^-  . 

where  k  is  the  moment  of  inertia  of  the  magnet  ;  that  is,  the  mass  which 
must  be  concentrated  at  the  unit  of  distance  from  the  centre  of  suspension, 
to  present  the  same  resistance  to  change  of  angular  velocity,  about  this 
centre,  as  the  magnet  itself  actually  does.  The  moment  of  inertia  of  a 
magnet  may  be  determined  theoretically  if  it  be  homogeneous  in  structure, 
and  of  a  regular  geometrical  shape  ;  or  it  may  be  determined  experimentally 
by  first  observing  the  time  of  oscillation  of  the  magnet  under  the  influence 
of  the  earth's  magnetism,  and  then  the  time  when  it  has  been  loaded  with  a 
mass  the  inertia  of  which  is  known,  and  which  does  not  alter  the  magnetic 
moment  of  the  bar.  M  is  the  magnetic  moment  of  the  bar  itself,  and  H  is 
the  force  of  the  earth's  magnetism.     Hence 

HM  =  .     •        .        •        »        •         (1). 

^^  • 

This  expression  gives  the  force  which,  applied  in  opposite  directions  at 

the  ends  of  a  lever  of  unit  length,  placed  at  right  angles  to  the  direction  of 

this  force,  would  have  the  same  effect  in  tending  to  turn  the  lever,  as  the 

magnetic  force  of  the  earth  has  in  tending  to  turn  the  magnet  about  a 

vertical  axis  when  it  is  set  at  right  angles  to  the  magnetic  meridian. 

Now  the  value  of  HM  depends  on  the  nature  of  the  bar,  and  on  the  force 
of  the  earth's  magnetism  in  the  place  in  question.  If  the  bar  were  mag- 
netised more  or  less  strongly,  or  if  the  same  bar  were  removed  to  a  different 
locality,  the  product  would  have  a  different  value.  We  must,  therefore,  find 
some  independent  relation  between  H  and  M,  which  will  give  rise  to  a  new 
Equation,  and  thus  M,  the  magnetic  moment  of  the  bar,  would  be  got  rid  of, 
and  an  absolute  value  be  obtained  for  H. 

Such  a  relation  exists  in  the  deflection  from  the  magnetic  meridian,  which 
a  bar  magnet  produces  in  a  magnetic  needle. 

If,  in  the  formula  in  the  preceding  article,  we  put  M  =  2;///,  then  — —  « 

the  +  or  —  force  acting  on  either  pole  of  the  magnetic  needle,  and,  as  both 
poles  are  acted  on,  the  magnet  will  be  subject  to  the  action  of  a  couple,  the 

2M///' 
*noment  of  which  will  be  expressed  by       ^     2/'  cos  a  ;  where  a  is  the  angle 

of  deflection,  /'  the  half-length  of  the  small  magnetic  needle  ;  let  M'-2;//7'. 

In  like  manner  the  earth's  magnetism  will  act  upon  the  magnetic  needle 

^*ith  a  couple  the  moment  of  which  is  expressed  by  H///'  2/'  sin  a-HM' 

**n  a.  Now  when  the  needle  is  in  equilibrium  these  forces  are  equal ;  that 
is— 

^-'"^'cosa^HM'sina, 
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from  which  _i_  -  r'  tan  a. (2). 


Combining  (i)  and  (2)  we  get  the  expression 


"  "  7  Vr»"i 


k 
tan  a 


an  expression  which  involves  no  other  physical  units  than  those  of  length 
(involved  in  k  and  r),  mass  (involved  in  k),^  and  time  (involved  in  /),  so  that 
the  value  of  H  can  be  expressed  in  absolute  measure. 

The  value  for  H  in  this  expression  only  gives  the  horizontal  compo- 
nent of  the  earth's  magnetism  ;  the  total  force  is  obtained  by  dividing  the 
value  of  H  by  the  cosine  of  the  angle  of  dip  for  the  place  and  time  of  obser- 
vation. 

The  numerical  value  of  H  will  depend,  moreover,  on  the  units  taken. 
On  the  C.G.S.  system  the  unit  of  force  is  called  a  dyne.  It  is  the  force 
which  acting  upon  a  gramme  for  a  second  generates  a  velocity  of  a  centi- 
metre per  second.  The  value  of  H  at  Greenwich  for  the  j-ear  1877,  ex- 
pressed in  this  unit,  is  0-18079  of  a  dyne  ;  that  is,  the  horizontal  component 
of  the  earth's  magnetism  at  this  place  acting  on  the  unit  of  magnetism,  asso- 
ciated with  one  gramme  of  matter,  would  produce  a  velocity  of  o  18079 
centimetres  at  the  end  of  a  second.  The  angle  of  dip  at  this  time  and  place 
being  67°  37',  we  get  the  total  force  =  0*4745  units.  If  British  units— namely, 
the  foot,  grain,  second— be  employed,  the  unit  of  force  is  that  which  by  acting 
for  a  second  on  a  grain  gives  to  it  a  velocity  of  a  foot  per  second,  and  the 
unit  magnetic  pole  is  such  that  if  placed  one  foot  from  a  second  equal  pole 
it  will  repel  it  with  a  force  equal  to  the  unit  just  defined.  To  convert  the 
value  of  H  when  expressed  in  centimetres,  grammes,  and  seconds  into  the 
equivalent  value  referred  to  British  units,  we  must  multiply  by  21*69.  I"^^^* 
manner  to  convert  magnetic  forces  referred  to  British  units  into  the  corre- 
sponding values  expressed  in  centimetres,  grammes,  and  seconds  we  must 

multiply  by  00461  =        ,  . 
^  ^     ^       ^         21  *69 
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CHAPTER  IV. 

PROCESSES  OF  MAGNETISATION. 

71a  MarnetUatioB. — The  various  sources  of  magnetism  are  the  in- 
laence  of  natural  or  artificial  magnfets,  terrestrial  magnetism,  and  electricity. 
rhis  last  method  will  be  described  under  voltaic  electricity.  The  three  prin- 
npal  methods  of  magnetisation  by  magnets  are  known  by  the  technical  names 
a  single  touchy  separate  touchy  and  double  touch. 

711.  Xetliod  of  sinrle  t9uoli. — This  consists  in  moving  the  pole  of  a 
x>werful  magnet  from  one  end  to  the  other  of  the  bar  to  be  magnetised,  and 
"epeating  this  operation  several  times  always  in  the  same  direction.  The 
neutral  magnetism  is  thus  gradually  decomposed  throughout  all  the  length  ol 
he  bar,  and  that  end  of  the  bar  which  was  touched  last  by  the  magnet  is 
H  opposite  polarity  to  the  end  of  the  magnet  by  which  it  has  been  touched. 
rhis  method  only  produces  a  feeble  magnetic  power,  and  is,  accordingly,  only 
ised  for  small  magnets.  It  has  further  the  disadvantage  of  frequently  de- 
>*eloping  consequent  poles. 

712.  Metliod  of  separate  toucli. — This  method,  which  was  first  used  by 
Dr.  Knight  in  1745,  consists  in  placing  the  two  opposite  poles  of  two  magnets 
if  equal  force  in  the  middle  of  the  bar  to  be  magnetised,  and  in  moving  each 
rf  them  simultaneously  towards  the  opposite  ends  of  the  bar.  Each  magnet 
s  then  placed  in  its  original  position,  and  the  operation  repeated.  After 
^veral  frictions  on  both  faces  of  the  bar  it  is  magnetised. 

In  Knight's  method  the  magnets  are  held  vertically.  Duhamel  improved 
ilic  method  by  inclining  the  magnets,  as  represented  in  fig.  600 ;  and  still 
more,  by  placing  the  bar  to  be  magnetised  on  the  opposite  poles  of  two  fixed 
magnets,  the  action  of  which  strengthens  that  of  the  movable  magnets.  The 
relative  position  of  the  poles  of  the  magnets  is  indicated  in  the  figure.  This 
method  produces  the  most  regular  magnets. 

713.  Method  of  double  touoli. — In  this  method,  which  was  invented  by 
\Iitchell,  the  two  magnets  are  placed  with  their  poles  opposite  each  other  in 
tlic  middle  of  the  bar  to  be  magnetised.  But,  instead  of  moving  them  in 
'Opposite  directions  towards  the  two  ends,  as  in  the  method  of  separate  touch, 
they  are  kept  at  a  fixed  distance  by  means  of  a  piece  of  wood  placed  between 
them  (fig.  600),  and  are  simultaneously  moved  first  towards  one  end,  then 
from  this  to  the  other  end,  repeating  this  operation  several  times,  and  finish- 
ing in  the  middle,  taking  care  that  each  half  of  the  bar  receives  the  same 
number  of  frictions. 

Epinus,  in  1758,  improved  this  method  by  supporting  the  bar  to  be  xcvjjj,- 

EE3 


634 


On  Magnetism. 


pis- 


netised,  as  in  the  method  of  separate  touch,  on  the  opposite  poles  of  two 
powerful  magnets,  and  by  inclining  the  bars  at  an  angle  of  15®  to  20.®  In 
practice,  instead  of  two  bar  magnets,  it  is  usual  to  employ  a  horse-shoe 
magnet,  which  has  its  poles  conveniently  close  together. 

By  this  method  of  double  touch,  powerful  magnets  are  obtained,  but  they 


Fig.  600. 

have  frequently  consequent  poles.     As  tfiis  would  be  objectionable  in  con- 
pass  needles,  these  are  best  magnetised  by  separate  touch. 

714.  Mairnetisatlon  by  tlie  aotion  of  tbe  eartb. — The  action  of  the 
earth  on  magnetic  substances  resembles  that  of  a  magnet,  and  hence  the 
terrestrial  magnetism  is  constantly  tending  to  separate  the  two  magnetisms 
which  are  in  the  neutral  state  in  soft  iron  and  in  steel.  But  as  the  coercive 
force  is  very  considerable  in  the  latter  substance,  the  action  of  the  earth  is 
inadequate  to  produce  magnetisation,  except  when  continued  for  a  longtime. 
This  is  not  the  case  with  perfectly  soft  iron.  When  a  bar  of  this  metal  is 
held  in  the  magnetic  meridian  parallel  to  the  inclination,  the  bar  becomes  at 
once  endowed  with  feeble  magnetic  polarity.  The  lower  extremity  is  a  north 
pole,  and  if  the  north  pole  of  a  small  magnetic  needle  be  approached,  it  will 
be  repelled.  This  magnetism  is  of  course  unstable,  for  if  the  bar  be  turned 
the  poles  are  inverted,  as  pure  soft  iron  is  destitute  of  coercive  force. 

While  the  bar  is  in  this  position,  a  certain  amount  of  coercive  force  may 
be  imparted  to  it  by  giving  it  several  smart  blows  with  a  hammer,  and  the 
bar  retains  for  a  short  time  the  magnetism  which  it  has  thus  obtained.  But 
the  coercive  force  thus  developed  is  very  small,  and  after  a  time  the  mag- 
netism disappears. 

If  a  bar  of  soft  iron  be  twisted  while  held  vertically,  or,  better,  in  the 
plane  of  the  dip,  it  acquires  a  feeble  permanent  magnetism. 

It  is  this  magnetising  action  of  the  earth  which  develops  the  magnetism 
frequently  observed  in  steel  and  iron  instruments,  such  as  fire-irons,  rifles, 
lamp-posts,  railin.i^s,  gates,  lightning-conductors,  &c.,  which  remain  for  some 
time  in  a  more  or  less  inclined  position.  They  become  magnetised  with  their 
north  pole  downward,  just  as  if  placed  over  the  pole  of  a  powerful  magnet. 
The  magnetism  of  native  black  oxide  of  iron  has  doubtless  been  produced  by 
the  same  causes  ;  the  very  different  magnetic  power  of  different  specimens 
beini;  partly  attributable  to  the  different  positions  of  the  veins  of  ore  with 
regard  to  the  line  of  dip.  The  ordinary'  irons  of  commerce  are  not  quite 
pure,  and  possess  a  feeble  coercive  force  ;  hence  a  feeble  magnetic  polarity 
is  generally  found  to  be  -possessed  by  the  tools  in  a  smith's  shop.  Cast  iron, 
too,  has  usually  a  great  coercive  force,  and  can  be  pennanently  magnetised. 
The  turnings,  also,  of  wrought  iron  and  of  steel  produced  by  the  powerful 
lathes  of  our  ironworks  are  found  to  be  magnetised. 
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715.  aKmffBetlsm  of  iron  ships. — The  inductive  action  of  terrestrial 
magnetism  upon  the  masses  of  iron  always  found  in  ships  exerts  a  disturb- 
ing action  upon  the  compass  neddle.  The  local  attraction y  as  it  is  called, 
may  be  so  considerable  as  to  render  the  indications  of  the  needle  almost 
useless  if  it  be  not  guarded  against.  A  full  account  of  the  manner  in 
which  local  attraction  is  produced,  and  in  which  it  is  compensated,  is  in- 
consistent with  the  limits  of  this  book,  but  the  most  important  points  are 
the  following  : — 

i.  A  vertical  mass  of  soft  iron  in  the  vessel,  say  in  the  bows,  would 
become  magnetised  under  the  influence  of  the  earth  ;  in  the  northern  hemi- 
sphere, the  lower  end  would  be  a  north  pole,  and  the  upper  end  a  south 
pole  ;  and  as  the  latter  may  be  assumed  to  be  nearer  the  north  pole  of  the 
compass  needle,  it  would  act  upon  it.  So  long  as  the  vessel  was  sailing  in 
the  magnetic  meridian  this  would  have  no  effect ;  but  in  any  other  direction 
the  needle  would  be  drawn  out  of  the  magnetic  meridian,  and  a  little  con- 
sideration will  show  that  when  the  ship  was  at  right  angles  to  the  magnetic 
meridian  the  effect  would  be  greatest.  This  vertical  induction  would  dis- 
appear twice  in  swinging  the  ship  round,  and  would  be  at  its  maximum 
twice ;  hence  the  deviation  due  to  this  cause  is  known  as  semicircular 
diviation, 

ii.  Horizontal  masses  again,  such  as  deck-beams,  are  also  acted  upon 
inductively  by  the  earth's  magnetism,  and  their  induced  magnetism  exerts 
a  disturbing  influence  upon  the  magnetic  needle.  The  effect  of  this  hori- 
zontal induction  will  disappear  when  the  ship  is  in  the  magnetic  meridian 
and  also  when  it  is  at  right  angles  thereto.  In  positions  intermediate  to  the 
above  the  disturbing  influence  will  attain  its  maximum.  Hence  in  swinging 
a  ship  round  there  would  be  four  positions  of  the  ship's  head  in  which  the 
influence  would  be  at  a  maximum,  and  four  in  which  it  would  be  at  a  mini- 
mum. The  effect  of  horizontal  induction  is  accordingly  spoken  of  as  quad- 
rantal  deviation. 

The  influence  of  both  these  causes,  \  ertical  and  horizontal  induction, 
may  be  remedied  in  the  process  of  *  swinging  the  ship.'  This  consists  in 
comparing  the  indications  of  the  ship's  compass  with  those  of  a  standard 
compass  placed  on  shore.  The  ship  is  then  swung  round  in  various  posi- 
tions, and  by  arranging  small  vertical  and  horizontal  masses  of  soft  iron  in 
proximity  to  the  steering  compass,  positions  are  found  for  them  in  which  the 
inductive  action  of  the  earth  upon  them  quite  neutralises  the  influence  of  the 
earth's  magnetism  upon  the  ship ;  and  in  all  positions  of  the  ship,  the  com- 
pass points  in  the  same  direction  as  the  one  on  shore. 

iii.  The  extended  use  of  iron  in  ship -building,  more  especially  when  the 
frames  are  entirely  of  iron,  has  increased  the  difficulty.  In  the  process  of 
building  a  ship,  the  hammering  and  other  mechanical  operations  to  which 
it  is  subject,  while  under  the  influence  of  the  earth's  magnetism,  will  cause 
it  to  become  to  a  certain  extent  permanently  magnetised.  The  distribution 
of  the  magnetism,  the  direction  of  its  magnetic  axis,  will  depend  on  the 
position  in  which  it  has  been  built  ;  it  may  or  may  not  coincide  with  the 
direction  of  the  keel.  The  vessel  becomes,  in  short,  a  huge  magnet,  and 
will  exert  an  influence  of  its  own  upon  the  compass  quite  independently  of 
vertical  or  horizontal  induction.     The  influence  is  semicircular]  that  is^  it 
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disappears  when  the  magnetic  axis  of  the  ship  is  in  the  magnetic  meridian, 
and  is  greatest  at  right  angles  to  it.  It  may  be  compensated  by  two  permanent 
magnets  placed  near  the  compass  in  suitable  positions  found  by  trial  during 
the  process  of  swinging  the  ship.  Supposing  the  inherent  mi^n^etism  of  the 
ship  to  have  the  power  of  drawing  the  compass  a  point  to  the  east,  the  com- 
pensating magnets  may  be  so  arranged  as  to  tend  to  draw  it  a  point  to  the 
west,  and  thus  keep  it  in  the  magnetic  meridian.  If,  however,  the  inherent 
magnetism  be  destroyed,  from  whatever  cause,  it  is  clear  that  the  magnets 
will  now  draw  it  aside  a  point  too  much  to  the  west.  This  is  the  source  of  a 
new  difficulty.  It  has  been  found  that  a  ship  which  at  the  time  of  sailing 
was  properly  compensated,  would,  on  returning  from  a  long  voyage,  have  its 
compasses  over-compensated.  The  buffeting  which  the  ship  had  experienced 
had  destroyed  its  inherent  magnetism,  and  numerous  instances  are  known 
where  the  loss  of  a  vessel  can  be  directly  traced  to  this  cause.  Fortunately, 
it  has  been  found  that  after  some  time  a  ship's  magnetic  condition  is  virtu- 
ally permanent,  and  is  unaltered  by  any  further  wear  and  tear.  The  magnet- 
ism which  it  then  retains  is  called  its /^rm^/f^ii/ magnetism,  in  opposition 
to  the  sub-permanent  which  it  loses. 

The  difficulty  of  adequately  compensating  compasses,  which  is  greatly 
increased  by  the  armour-plated  and  turret  ships  now  in  use,  has  induced  one 
school  to  throw  over  any  attempt  at  correction  ;  but  by  careful  obser\ation 
of  the  magnetic  condition  of  a  ship,  and  tabulating  the  errors  to  construct  a 
table,  and  comparing  this  with  the  indications  of  the  compass  at  any  one 
time,  the  true  course  can  be  made  out. 

In  the  Royal  Navy,  the  plan  now  adopted  is  to  combine  both  methods  : 
compensate  the  errors  to  a  considerable  extent,  and  then  construct  a  table 
of  the  residual  errors. 

716.  Mairnetio  saturation. — Experiment  has  shown  that  to  a  certain 
extent  the  magnetic  force  which  can  be  imparted  to  a  steel  bar  increases  with 
the  magnetising  force  used.  It  depends  also  on  the  number  of  strokes  or 
movements  of  the  magnetising  magnets  or  coils  ;  on  the  form  and  dimensions 
of  the  bar,  on  its  density,  on  the  quantity  of  carbon  it  contains,  on  its  hard- 
ness, and  on  the  manner  in  which  it  is  tempered.  Yet  there  is  a  limit  to  the 
magnetic  force  which  can  be  imparted  to  iron  or  steel,  and  when  this  is  at- 
tained, the  bar  is  said  to  be  saturated  or  magnetised  to  saturation,  A  bar 
may  indeed  be  magnetised  beyond  this  point,  but  this  excess  is  temporary  ; 
it  gradually  diminishes  until  the  magnet  has  sunk  to  its  point  of  saturation. 

This  is  intelligible,  for  th3  magnetisms  once  separated  tend  to  reunite, 
and  when  their  attractive  force  is  equal  to  that  which  opposes  their  separa- 
tion that  is,  the  coercive  force  of  the  metal— equilibrium  is  attained,  and 
the  magnet  is  saturated.  Hence,  more  magnetism  ought  to  be  developed 
in  bars  than  they  can  retain,  in  order  that  they  may  decline  to  their  perma- 
nent state  of  saturation.  To  increase  the  magnetism  of  an  unsaturated  bar, 
a  less  feeble  magnet  must  not  be  used  than  that  by  which  it  was  originally 
magnetised 

717.  Marnetio  battery. — A  magnetic  battery  or  magazine  consists  of 
a  number  of  magnets  joined  together  by  their  similar  poles.  Sometimes 
they  have  the  form  of  a  horseshoe,  and  sometimes  a  rectilinear  form.  The 
battery  represented  in  fig.  6oi  consists  of  five  superposed  steel  plates.    That 


Armatures. 

s  of  twelve  plates,  arransed  in  three  layers  of  four  each, 
e  form  is  best  adapted  for  supporting  a  weight,  for  then  both 
poles  arc  used  at  once.  In  both  the  bars  are  magnelised  separately,  and 
ihen  tixed  by  screws. 

The  force  of  a  magnetic  battery  consisting  of  n  similar  plates  equally 


I 


.1  of  a  single  one,  but  is  somewhat 


magnetised,  is  not  n  limes  as  great  as 
smaller.  These  magnets  mutually  en- 
feeble each  other  ;  manifestly  because, 
for  instance,  each  north  pole  evokes 
south  magnetism  in  the  adjacent  north 
pole,  and  thereby  diminishes  some  of  its 
north  polarity.  The  magnetism  of  a 
plate  which  has  formed  part  of  such  a 
battery  will  be  found  to  be  materially 
less  than  it  was  originally. 

Thus  Jamin  found  that  sixequal plates 
which  had  each  the  portative  force  18 
kilos,  only  lifted  64  kilos  when  arranged 
as  a  battery,  instead  of  loS;  and  when 
removed  from  the  battery,  each  of  them 
had  only  the  portative  force  9  to  10  kilos. 
The  force  is  increased  by  making  the 
lateral  pUies  1  or  2  centimetres  shorter 
than  the  one  In  the  middle  (lig.  601). 

bar  is  at  its  limit  of  saturation,  ii  gradu-  '  =^  .^^ —  -"-^^t-—  ^' 

ally  loses  its   magnetism.     To    prevent  fi^.  fc,, 

this,    armatures    or    keepers    are    used ; 

these  are  pieces  of  soft  iron,  A  and  B  {fig.  602),  which  are  plated  in  contact 

with  the  poles.    Acted  on  inductively,  ihey  become  powerful  temporary 

magnets,  possessing  opposite  polarity  to  that  of  the   inducing  pole  ;  they 

thus   react    in    turn   on 

permanent  magnetism  o! 

ban,  preserving    and  1 

When  the  magnets  are 
in  the  form  of  bars,  they  are  arranged 
opposite   poles  in  juxtaposition, 
and  the  circuit  is  completed  by 
liro  small  bars  of  soft  iron,  AB. 
Movable    magnetic    needles,   if 
not  clamped  down,  set  sponta- 
neously towards  the  magnetic  poles  of  the  earth,  the  influence  of  which  acts 
as  a  keeper. 

A  horse-shoe  magnet  has  a  keeper  attached  to  ii,  which  is  usually  ar- 
ranged so  as  to  support  a  weight.  The  keeper  becomes  magnetised  under 
the  influence  of  the  two  poles,  and  adheres  with  great  force  :  the  weight 
which  ii  can  support  being  more  than  double  that  which  a  single  pole 
would  hold. 
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In  respect  to  this  weight,  a  singular  and  hitherto  inexplicable  pheno- 
menon has  been  observed.  When  contact  is  once  made,  and  ihe  keeper  is 
charged  with  itsmaximum  weight,  any  further  addition 
would  detach  it ;  but  if  left  in  contact  for  a  day,  an 
additional  weight  may  be  added  without  detaching  it, 
and  by  slightly  increasing  the  weight  every  day  it 
may  ultimately  be  brought  to  support  a  far  greater 
load  than  it  would  originally.  But  if  contact  be  once 
;  broken,  the  weight  it  can  now  support  does  not  much 
exceed  its  original  charge. 

It  is  advantageous  that  the  surface  of  the  magnet 
and  armatures  which  are  in  contact  should  not  be 
plane  but  slightly  cylindrical,  so  that  they  touch  along 

In  providing  a  natural  magnet  with  a  keeper,  the 

line  joining  the  two  poles  is  first  approximately  detet' 

mined  by  means  of  iron  filings.     Two  poles  of  soft 

iron  (fig.  604),  each  tenninating  in  a  massive  shoe^ 

riK- DO,.  ^^  ^j^^^  applied  to  the  faces  corresponding  to  the 

poles.      Under  the  influence  of  the  natural  magnet,  these   plates  become 

innRnolisfd,  and  if  the  letters  A  and   B  represent  Ihe  position  of  the  poles 

of  the  natural  magnet,  the  poles  of  the  armature  are  n  and  b. 

719.  PortatlTe  force.  Power  of  maBoets, — The  portative  farce  is 
the  greatest  weight  which  a.  magnet  can  support.  Hacker  found  that  the 
portative  force  of  a  saturated  horse-shoe  magnet,  which,  by  repeatedly  de- 
taching the  keeper,  had  become  constant,  may  be  represented  by  the  formula 

in  which  I' is  the  portative  force  of  the  magnet,/  its  own  weight,  and  ii  a 
coefficient  which  varies  wilh  the  nature  of  the  steel  and  the  mode  of  mag- 
netising. Hence  a  magnet  which  weighs  1,000  ounces  only  supports  35 
times  as  much  as  one  weighing  8  ounces  or  yj^  as  heavy,  and  25  such  bars 
would  support  as  much  as  a  single  one  which  is  as  heavy  as  125  of  them.  Is 
appears  immateri.il  whether  the  soctionof  the  bar  is  quadratic  or  circular,  and 
the  distance  of  the  legs  is  of  inconsiderable  moment ;  it  is  important,  however. 
that  the  magnet  be  susjiended  vertically,  and  that  the  load  be  e.vactly  in  the 
middle.  In  Hacker's  m.igncts  the  value  of  n  was  10-33,  while  in  Logemann's 
it  was  33.  Hy  arranging  together  several  thin  magnetised  plates  Jamin  con- 
structed bar  magnets  whicii  supjiort  15  limes  their  own  weight. 

The  strength  nf  two  bar  magnets  may  be  compared  bj'  the  following 
simple  method,  which  is  known  as  Kiilp's  compcmation  method -.—K  small 
m.^gnetic  compass  needle  is  placed  in  the  magnetic  meridian.  One  pole 
of  one  of  the  m.ignels  to  be  tested  is  then  placed  at  right  angles  to  the 
magnetic  meridian  in  the  same  plane  as  the  needle,  and  so  that  its  axis  pro- 
longed would  bisect  the  needle.  The  compass  needle  is  thereby  deflected 
through  n  certain  angle.  Tlic  similar  pole  of  the  other  magnet  is  then 
pbred  similarly  on  ihe  other  side  of  ihe  needle,  .ind  a  position  found  for 
it  in  which  it  exactly  neutralises  the  action  of  ihe  first  magnet;  that  i<. 
when  ihc  needle  is  again  in  the  magnetic  meridian.  If  the  magnets  are  not 
too  long,  compared  with  their  distance  from  the  needle,  their  strengths  arc 
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approximately  as  the  cubes  of  the  distance  of  the  acting  poles  from  the 
magnetic  needle. 

720.  Oircumatanceg  wliloli  inllmenoe  tbe  power  of  mapnets. — All  bars 
do  not  attain  the  same  state  of  saturation,  for  their  coercive  force  varies. 
Twisting  or  hammering  imparts  to  iron  or  steel  a  considerable  coercive  force. 
But  the  most  powerful  of  these  influences  is  the  operation  of  tempering  (95). 
Coulomb  found  that  a  steel  bar  tempered  at  dull  redness  and  magnetised  to 
saturation,  made  ten  oscillations  in  93  seconds.  The  same  bar  tempered  at 
a  cherry- red  heat,  and  similarly  magnetised  to  saturation,  only  took  63 
seconds  to  make  ten  oscillations. 

Hence  it  would  seem,  that  the  harder  the  steel  the  greater  is  its  coercive 
force  ;  it  undergoes  magnetisation  with  much  greater  difficulty,  but  retains  it 
more  effectually.  It  appears  from  Jamin's  experiments  that  no  general  rule 
of  this  kind  can  be  laid  down  ;  for  each  specimen  of  steel  there  seems,  ac- 
cording to  the  proportion  of  carbon  which  it  contains,  to  be  a  certain  degree 
of  tempering  which  is  most  favourable  for  the  development  of  permanent 
magnetisation. 

Very  hard  steel  bars  have  the  disadvantage  of  being  veiy  brittle,  and  in 
the  case  of  long  thin  bars  a  hard  tempering  is  apt  to  produce  consequent 
poles.  Compass  needles  are  usually  tempered  at  the  blue  heat—  that  is,  about 
300°  C. — by  which  a  high  coercive  force  is  obtained  without  great  fragility. 
Steel  is  magnetised  with  difficulty  even  when  placed  for  some  time  in  a  coil 
through  which  a  powerful  current  is  passing  ;  soft  iron  under  these  circum- 
stances is  magnetised  at  once.  If  a  short  coil  covering  only  a  portion  of  the 
steel  bars  be  moved  backwards  and  forwards  the  magnetisation  is  more 
complete. 

The  hardness  of  steel,  and  the  proportion  of  carbon  which  it  contains,  exert 
an  important  influence  on  the  degree  to  which  it  can  be  magnetised.  For 
the  same  degree  of  hardness,  the  magnetisation  increases  with  the  proportion 
of  carbon  in  the  steel,  and  more  markedly  the  smaller  this  proportion  ;  with 
the  same  proportion  of  carbon  it  increases  with  the  hardness  of  the  steel.  It 
appears  that  the  compound  of  iron  and  carbon  in  steel  is  the  carrier  of  the 
permanent  magnetisation,  and  the  interjacent  particles  of  iron  the  carriers  of 
the  temporary  magnetisation.  Holtz  magnetised  plates  of  English  corset  steel 
to  saturation  and  determined  their  magnetic  moment ;  they  were  then  placed 
in  dilute  hydrochloric  acid,  by  which  the  iron  was  eaten  away,  and  the 
magnetic  moment  determined  when  the  plate  had  been  magnetised  to  satura- 
tion after  each  such  treatment.  It  was  thus  found  that,  with  a  diminution 
in  the  proportion  of  iron,  there  was  an  increase  in  the  magnetic  moment  for 
the  unit  of  weight.  Holtz  found,  however,  that  pure  iron  prepared  by  elec- 
trolysis can  acquire  permanent  magnetism. 

Jamin  investigated  the  distribution  of  force  in  magnets  by  suspending 
from  one  arm  of  a  delicate  balance  a  small  iron  ball,  and  then  ascertaining 
what  force,  applied  at  the  other  arm,  was  required  to  detach  the  ball  when 
placed  in  contact  with  various  positions  of  the  magnet  to  be  investigated. 

Taking  thus  a  thin  plate  magnetised  to  saturation,  it  was  found  that  the 
magnetisation  increased  with  the  thickness,  but  did  not  materially  vary 
with  the  breadth  of  the  plate.  The  magnetic  force  was  developed  almost 
exclusively  at  the  ends.     The  curve  representing  the  magnetic  force  (ji\\ 
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was  convex  towards  the  poles  at  the  ends.  If  now  several  similar  plates  are 
superposed,  the  corresponding  curves  become  steeper  and  pro1ong«l  towards 
the  middle  ;  the  magnetic  force  thus  becomes  increased.  When  the  conres 
run  into  each  other  in  the  middle  the  maximum  of  the  combination  is  reached ; 
any  additional  plates  produce  no  increase  in  the  strength.  Steel  bars  may 
also  be  magnetised  so  as  to  show  the  same  cur\'es,  and  such  bars  and  com- 
binations of  plates  are  called  by  Jamin  normal  magnets. 

Jamin  found  that  magnetisation  extends  deeper  in  a  bar  than  has  been 
usually  supposed ;  in  soft  and  annealed  steel  it  penetrates  deeply.  The 
depth  diminishes  with  the  hardness  of  the  steel  and  the  proportion  of  carbon 
it  contains.  If  plates  of  var>'ing  thickness  are  so  thin  that  the  magnetisation 
can  entirely  penetrate  them,  the  thicker  of  these  plates  arc  more  strongly  mag- 
netised by  the  same  force,  for  the  magnetisation  extends  through  a  thicker 
layer  than  the  thinner  ones  ;  if,  however,  the  plates  arc  very  thick,  they  are 
magnetised  to  the  same  extent  by  one  and  the  same  force.  With  equal  bars 
the  thickness  of  the  magnetic  layer  varies  with  the  strength  of  the  magnetising 
force.  J  amin  proved  this  by  placing  the  plates  in  dilute  sulphuric  acid ;  he  found 
magnetism  in  bars  which  had  been  exposed  to  the  stronger  force,  while  those 
which  had  been  more  feebly  magnetised  showed  none  when  they  had  been 
eaten  away  by  the  acid  to  the  same  extent.  He  thus  showed  that  the 
masrnetism  which  had  penetrated  was  as  strong  as  that  on  the  surface. 

Holiz  has  made  some  experiments  on  the  influence  of  solid  bars  as  against 
hr)ll()w  tubes  in  the  construction  of  permanent  steel  magnets.  The  latter 
arc  to  be  preferred  :  they  are  decidedly  cheaper,  as  they  need  not  be  bored, 
but  may  be  bent  from  steel  plates.  A  bar  and  a  tube  of  the  same  steel, 
125  mm.  in  len^jth  by  13  mm.  diameter,  and  the  tube  175  mm.  thick,  were 
magnetised  to  saturation,  and  their  magnetic  moments  determined  by  the 
method  of  oscillations  (^705),  the  tube  being  loaded  with  copper.  The  mag- 
netism of  the  tube  was  to  that  of  the  bar  as  i*6  :  i.  The  tubes  also  retained 
their  magnetisation  better.  After  the  lapse  of  six  months  the  ratio  of  the 
ma^jnetisation  of  the  tube  was  to  that  of  the  bar  as  27  :  i.  A  magnetised 
steel  tube  filled  with  a  soft  iron  core  had  scarcely  any  directive  force. 

Temperature. — Increase  of  temperature  always  produces  a  diminution  of 
magnetic  force.  If  the  changes  of  temperature  are  small,  those  of  the  atmo- 
sphere for  instance,  the  magnet  is  not  permanently  altered.  Kuppfer  allowed 
a  magnet  to  oscillate  at  different  temperatures,  and  found  a  definite  decrease 
in  its  power  with  increased  temperature,  as  indicated  by  its  slower  oscillations. 
In  the  case  of  a  magnet  2^  inches  in  length,  he  obser\'ed  that  with  an  increase 
of  each  degree  of  temperature  the  duration  of  800  oscillations  was  o'V 
longer.  If  n  be  the  number  of  oscillations  at  zero,  and  //^  the  number  at  A 
then 

;/  =  ;/,  (i  —  r/), 
where  c  is  a  constant  depending  in  each  case  on  the  magnet  used.    Tnis 
formula  has  an  important  application  in  the  correction  of  the  obsen'ati^ns 
of  magnetic  intensity  which  are  made  at  different  places  and  at  diff<P^^^ 
temperatures,  and  which,  in  order  to  be  comparable,  must  first  be  reduce 
to  a  uniform  temperature. 

When  a  magnet  has  been  more  strongly  heated,  it  does  not  regain  '^ 
original  force  on  cooling  to  its  original  temperature,  and  when  it  has  bec 


«11 


Distribution  of  Free  Magnetism.  641 


ated  to  redness,  it  is  demagnetised.  This  was  first  shown  by  Coulomb, 
10  took  a  saturated  magnet,  progressively  heated  it  to  higher  tempe- 
tures,  and  noted  the  number  of  oscillations  after  each  heating.  The 
^er  the  temperature  to  which  it  had  been  heated  the  slower  its  oscil- 
:ions. 

A  magnet  heated  to  bright  redness  loses  its  magnetism  so  completely 
at  it  is  quite  indifferent,  not  only  towards  iron,  but  also  towards  another 
ignet,  and  this  holds  so  long  as  this  high  temperature  continues.  Incan- 
scent  iron  also  does  not  possess  the  property  of  being  attracted  by  the 
ignet.  Hence  there  is  in  the  case  of  iron  a  tnagnetic  limii^  beyond  which 
is  unaffected  by  magnetism.  Such  a  magnetic  limit  exists  in  the  case  of 
tier  magnetic  metals.  With  cobalt^  for  instance,  it  is  far  beyond  a  white 
at,  for  at  the  highest  temperatures  hitherto  examined  it  is  still  magnetic  ; 
e  magnetic  limit  of  chromium  is  somewhat  below  red  heat ;  that  of  nickel 
about  350**  C.  and  of  manganese  at  about  1 5®  to  20**  C. 

A  change  of  temperature  whether  from  16°  to  100^,  or  from  100®  to  16°, 
in'eases  the  strength  of  temporary  or  induced  magnetism  both  in  the  case 
iron  and  of  steel. 

Percussion  and  Torsion, — When  a  steel  bar  is  hammered  while  being 
ignetised  it  acquires  a  much  higher  degree  of  magnetisation  than  it  would 
thout  this  treatment.  Conversely  when  a  magnet  is  let  fall,  or  is  otherwise 
)lently  disturbed,  it  loses  much  of  its  magnetisation.  Torsion  exerts  a 
eat  influence  on  the  magnetisation  of  a  bar,  and  the  interesting  phenomenon 
s  been  obser\'cd  that  torsion  influences  magnetism  in  the  same  manner 
magnetism  does  torsion.  Thus  the  permanent  magnetisation  of  a  steel  bar 
diminished  by  torsion,  but  not  proportionally  to  the  increase  of  torsion. 
,  like  manner  the  torsion  of  twisted  iron  wires  is  diminished  by  their  being 
agnetised,  though  less  so  than  in  proportion  to  their  magnetisation.  Re- 
atcd  torsions  in  the  same  direction  scarcely  diminish  magnetisation,  but 
torsion  in  the  opposite  direction  produces  a  new  diminution  of  the  mag- 
lism.  In  a  perfectly  analogous  manner,  repeated  magnetisations  in  the 
me  direction  scarcely  diminish  torsion,  but  a  renewed  magnetisation  in  the 
>posite  direction  does  so. 

721.  BUtiilmtioB  of  free  mafnetism. — Coulomb  investigated  the  dis- 
ibution  of  magnetic  force  by  placing  a  large  magnet  in  a  vertical  position 

the  magnetic  meridian ;  he  then  took  a  small  magnetic  needle,  and, 
iving  ascertained  the  number  of  its  oscillations  under  the  influence  of  the 
irth*s  magnetism  alone,  he  presented  it  to  different  parts  of  the  magnet.  The 
icillations  were  fewer  as  the  needle  was  nearer  the  middle  of  the  bar,  and 
hen  they  had  reached  that  position  their  number  was  the  same  as  under 
ic  influence  of  the  earth's  magnetism  alone.  For  saturated  bars  of  more 
lan  7  inches  in  length  the  distribution  could  always  be  expressed  by  a 
irve  whose  abscissa,'  were  the  distances  from  the  ends  of  the  magnet,  and 
hose  ordinates  were  the  force  of  magnetism  at  these  points.  With  magnets 
f  the  above  dimensions  the  poles  are  at  the  same  distance  from  the  end  ; 
•oulomb  found  the  distance  to  be  r6  inch  in  a  bar  8  inches  long.  He  also 
>und  that,  with  shorter  bars,  the  distance  of  the  poles  from  the  end  is  \  of 
he  length  ;  thus  with  a  bar  of  three  inches  it  would  be  half  an  inch.  These 
Wults  presuppose  that  the  other  dimensions  of  the  bar  ate  N^rj  ^tcvs^  ^% 
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compared  with  its  length,  that  it  has  a  regular  shape,  and  is  uniformly 
magnetised.  When  these  conditions  are  not  fulfilled,  the  positions  of  the 
poles  can  only  be  determined  by  direct  trials  with  a  magnetic  needle.  With 
lozenge-shaped  magnets  the  poles  are  nearer  the  middle.  Coulomb  found 
that  these  lozenge-shaped  bars  have  a  greater  directive  force  than  rectangular 
bars  of  the  same  weight,  thickness,  and  hardness. 

722.  Mayer's  lloatliiflr  marnets. — The  reciprocal  action  of  magnetic 
poles  may  be  conveniently  illustrated  by  an  elegant  method  devised  by 
Prof.  A.  M.  Mayer.  Steel  sewing-needles  are  magnetised  so  that  their 
points  are  north  poles,  and  their  eyes,  which  are  thus  south  poles,  just 
project  through  minute  cork  discs,  so  that  when  placed  in  water  the  magnets 
float  in  a  vertical  position.  If  the  north  pole  of  a  strong  magnet  is  brought 
near  a  number  of  these  floating  magnets  they  are  attracted  by  it,  and  take  up 
definite  positions,  forming  figures  which  depend  on  the  reciprocal  repulsion 
of  the  floating  magnets,  and  on  their  number.  Some  of  them  are  repre- 
sented in  fig.  605.      The  more  complex  produce  more  than  one  arrange- 
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Fig.  605. 

ment  which  are  not  equally  stable,  the  letters  rt,  ^,  and  c  indicating  the  de- 
creasing order  of  stability.  A  slight  shock  often  causes  one  form  to  pass 
into  another  and  more  stable  form. 

These  figures  not  only  illustrate  magnetic  actions,  but  they  suggest  an 
image  of  the  manner  in  which  alteration  of  molecular  groupings  may  give 
rise  to  physical  phenomena,  such  as  those  of  superfusion  (345). 
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BOOK   IX. 

FRICTIONAL  ELECTRICITY. 


CHAPTER    I. 

FUNDAMENTAL  PRINCIPLES. 

723.  Blectrleity-,  Zts  natnre. — Electricity  is  a  powerful  physical  agent 
which  manifests  itself  mainly  by  attractions  and  repulsions,  but  also  by 
luminous  and  heating  effects,  by  violent  commotions,  by  chemical  decompo- 
sitions, and  many  other  phenomena.  Unlike  gravity,  it  is  not  inherent  in 
bodies,  but  it  is  evoked  in  them  by  a  variety  of  causes,  among  which  are 
friction,  pressure,  chemical  action,  heat  and  magnetism. 

Thales,  6  B.C.,  knew  that  when  amber  was  rubbed  with  silk,  it  acquired 
the  property  of  attracting  light  bodies  ;  and  from  the  Greek  form  of  this 
word  {jjktKrpov)  the  term  electricity  has  been  derived.  This  is  nearly  all 
the  knowledge  left  by  the  ancients  ;  it  was  not  until  towards  the  end  of  the 
sixteenth  century  that  Dr.  Gilbert,  physician  to  Queen  Elizabeth,  showed- 
that  this  property  was  not  limited  to  amber,  but  that  other  bodies,  such  as 
sulphur,  wax,  glass,  &c.,  also  possessed  it  in  a  greater  or  less  degree. 

724.  Bevelopmemt  of  eleotrloity  by  lytotion. — When  a  glass  rod,  or  a 
stick  of  sealing-wax,  or  shellac,  is  held  in  the  hand,  and  is  rubbed  with  a 
piece  of  flannel  or  with  the  skin  of  a  cat,  the  parts  rubbed  will  be  found  to 
have  the  property  of  attracting  light  bodies,  such  as  pieces  of  silk,  wool, 
feathers,  paper,  bran,  gold  leaf,  &c.,  which,  after  remaining  a  short  time  in 
contact,  are  again  repelled.  They  are  then  said  to  have  become  electrified. 
In  order  to  ascertain  whether  bodies  are  electrified  or  not,  instruments  called 
electroscopes  are  used.  The  simplest  of  these,  the  electric  pendulum  (fig. 
606),  consists  of  a  pith  ball  attached  by  means  of  a  silk  thread  to  a  glass 
support.  When  an  electrified  body  is  brought  near  the  pith  ball,  the  latter 
is  instantly  attracted,  but  after  momentary  contact  is  again  repelled  /'fig. 
607). 

A  solid  body  may  also  be  electrified  by  friction  with  a  liquid  or  with  a 
pas.  In  the  Torricellian  vacuum  a  movement  of  the  mercury  against  the 
sides  of  the  glass  produces  a  disengagement  of  electric  light  visible  in  the 
dark  ;  a  tube  exhausted  of  air,  but  containing  a  few  drops  of  mercury,  be- 
comes also  luminous  when  agitated  in  the  dark. 

If  a  quantity  of  mercury  in  a  dry  glass  vessel  be  connected  with  a  gpld- 
leaf  electroscope  by  a  wire,  and  a  dry  glass  rod  be  immetsed  m  \X^t^o  m^vi'a^- 
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tions  are  observed  during  the  immersion,  but  on  smartly  withdrawing  tbe 
rod,  the  leaves  increasingly  diverge,  attaining  their  maximum  when  the  rod 
leaves  the  mercury. 

Some  substances,  particularly  metals,  do  not  seem  capable  of  receiving 
the  electric  excitement.  When  a  rod  of  metal  is  held  in  the  hand,  and 
rubbed  with  silk  or  flannel,  no  electrical  effects  are  produced  in  it ;  and  bodies 


Fig.  606. 


Fig.  607. 


were  divided  by  Gilbert  into  ideoelectrics^  or  those  whicji  become  electrical 
by  friction  ;  and  anelectricsy  or  those  which  do  not  possess  this  property. 
These  distinctions  no  longer  obtain  in  any  absolute  sense ;  under  appropriate 
conditions,  all  bodies  may  be  electrified  by  friction  (726). 

725.  Conductors  and  nonconductors. — When  a  dry  glass  rod,  rubbed 
at  one  end,  is  brought  near  an  electroscope,  that  part  only  will  be  electrified 
which  has  been  rubbed  ;  the  other  end  will  produce  neither  attraction  nor 
repulsion.  The  same  is  the  case  with  a  rod  of  shellac  or  of  sealing-wax. 
In  these  bodies  electricity  does  not  pass  from  one  part  to  another — they  do 
not  conduct  electricity.  Experiment  shows  that,  when  a  metal  has  received 
electricity  in  any  of  its  parts,  the  electricity  instantly  spreads  over  its  entire 
surface.     Metals  are  hence  said  to  be  good  conductors  of  electricity. 

Bodies  have,  accordingly,  been  divided  into  conductors  and  nonconductors 
or  insulators.  This  distinction  is  not  absolute,  and  we  may  advantageously 
consider  bodies  as  offering  a  resistance  to  the  passage  of  electricity  which 
varies  with  the  nature  of  the  substance.  Those  bodies  which  offer  little 
resistance  are  thus  conductors,  and  those  which  offer  great  resistance  are  non- 
conductors or  insulators  :  electrical  conductivity  is  accordingly  the  inverse 
of  electrical  resistance.  There  is  no  such  thing  as  an  absolute  nonconductor 
of  electricity,  any  more  than  there  is  an  absolute  nonconductor  of  heat. 
We  are  to  consider  that  between  conductors  and  nonconductors  there  is  a 
guatititativc  and  not  a  qualitative  difference  ;  there  is  no  conductor  so  good 
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bot  that  it  offers  some  resistance  to  the  passage  of  electricity,  nor  is  there 
any  substance  which  insulates  so  completely  but  that  it  allows  some  electri- 
city to  pass.  The  transition  from  conductors  to  nonconductors  is  gradual, 
and  no  line  of  sharp  demarcation  can  be  drawn  between  them. 

In  this  sense  we  are  to  understand  the  following  table,  in  which  bodies 
are  classed  as  conductors^  semiconductors,  and  nonconductors  ;  those  bodies 
being  conveniently  designated  as  conductors  which,  when  applied  to-  a 
charged  electroscope,  discharge  it  almost  instantaneously ;  semiconductors 
being  those  which  discharge  it  in  a  short  but  measurable  time,  a  few  seconds, 
for  instance ;  while  nonconductors  effect  no  perceptible  discharge  in  the 
course  of  a  minute. 


Conductors. 

Metals. 

Well-burnt  charcoal. 

Graphite. 

Acids. 

Aqueous  solutions. 

Water. 

Snow. 

Vegetables. 

Animals. 

Soluble  salts. 

Linen. 

Cotton. 


Semiconductors, 

Alcohol  and  ether. 
Powdered  glass. 
Flour  of  sulphur. 
Dry  wood. 
Paper. 
Ice  at  0°. 


Nonconductors, 

Dry  oxides. 

Ice  at  -25°  C. 

Lime. 

Caoutchouc. 

Air  and  dry  gases. 

Dry  paper. 

Silk. 

Diamond  and  precious  stones. 

Glass. 

Wax. 

Sulphur. 

Resins. 

Amber. 

Shellac. 


This  list  is  arranged  in  the  order  of  decreasing  conductivity,  or,  what  is  the 
same  thing,  of  increasing  resistance.  The  arrangement,  however,  is  not  in- 
variable. Conductivity  depends  on  many  physical  conditions.  Glass,  for 
example,  which  does  not  conduct  at  any  ordinary  temperature,  does  so  at  a 
red  heat.  Shellac  and  resin  do  not  insulate  so  well  when  they  are  heated. 
Water,  which  is  a  good  conductor,  conducts  but  little  in  the  state  of  ice  at 
0**,  and  very  badly  at  -25®.  Powdered  glass  and  flour  of  sulphur  conduct 
very  well,  while  in  large  masses  they  are  nonconductors  ;  probably  because 
in  a  state  of  powder  each  particle  becomes  covered  with  a  film  of  moisture 
that  acts  as  a  conductor.  The  nonconducting  power  of  glass  depends  also 
on  its  chemical  composition. 

According  to  Said  Effendi,  if  the  conducting  power  of  water  be  taken  at 
1,000,  the  conducting  power  of  petroleum  is  72  ;  alcohol  49 ;  ether  40 ; 
turpentine  23 ;  and  benzole  16.  Domalip  obtained  the  following  numbers 
for  the  respective  conductivities:  Water  144;  ether  6'3  ;  turpentine  1*9; 
and  benzole  i. 

726.  Znsiilatliiir  bodies.  Common  reservoir.  —  Bad  conductors  are 
called  insulators,  for  they  are  used  as  supports  for  bodies  in  which  electricity 
is  to  be  retained.  A  conductor  remains  electrified  only  so  long  as  it  is  sur- 
rounded by  insulators.     If  this  were  not  the  case,  as  soou  as  vVv^  Oi^tcVrv^^ 
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body  came  in  contact  with  the  earth,  which  is  a  good  conductor,  the  electri- 
city would  pass  into  the  earth,  and  diffuse  itself  through  its  whole  extent 
On  this  account,  the  earth  has  been  named  the  common  reservoir,  A  body 
is  insulated,  by  being  placed  on  a  support  with  glass  feet,  or  on  a  resinous 
cake,  or  by  being  suspended  by  silk  threads.  No  bodies,  however,  insulate 
perfectly ;  all  electrified  bodies  lose  their  electricity  more  or  less  rapidly 
by  means  of  the  supports  on  which  they  rest.  Glass  is  always  somewhat 
hygroscopic,  and  the  aqueous  vapour  which  condenses  on  it  affords  a 
passage  for  the  electricity ;  the  insulating  power  of  glass  is  materially  im- 
proved by  coating  it  with  shellac  or  copal  varnish.  Dry  air  is  a  good  insu- 
lator :  but  when  the  air  contains  moisture  it  conducts  electricity,  and  this  is 
the  principal  source  of  the  loss  of  electricity.  Hence  it  is  necessar>',  in 
electrical  experiments,  to  rub  the  supports  with  cloths  dried  at  the  fire,  and 
to  surround  electrified  bodies  by  glass  vessels,  containing  substances  which 
absorb  moisture,  such  as  chloride  of  calcium,  or  pumice  soaked  with  sulphuric 
acid. 

From  their  great  conductivity  metals  do  not  seem  to  become  electrified 
by  friction.  But  if  they  are  insulated,  and  then  rubbed,  they  give  good  indi- 
cations. This  may  be  seen  by  the  fol- 
^^"2_  U— — ^MJ^    lowing  experiment  (fig.  608).      A  brass 

tube  is  provided  with  a  glass  handle  by 
^^^•^^'  which  it  is  held,  and  then   rubbed  with 

silk  or  flannel.  On  approaching  the  metal  to  an  electrical  pendulum  (fig. 
606',  the  pith  ball  will  be  attracted.  If  the  metal  is  held  in  the  hand  electri- 
city is  indeed  produced  by  friction — but  it  immediately  passes  through  the 
body  into  the  ground. 

If,  too,  the  cap  of  a  gold-leaf  electroscope  be  briskly  flapped  with  a  dr)* 
silk  handkerchief,  the  gold  leaves  will  diverge. 

727.  Distinction  of  the  two  kinds  of  electricity. — If  electricity  be 
devcloj)ed  on  a  glass  rod  by  friction  with  silk,  and  the  rod  be  brought  near 
an  electrical  pendulum,  the  ball  will  be  attracted  to  the  glass,  and  after 
momentary  contact  will  be  again  repelled.  15y  this  contact  the  ball  becomes 
clectriticd,  and  so  long  as  the  two  bodies  retain  their  electricity,  repulsion 
follows  whenever  they  are  brought  near  each  other.  If  a  stick  of  sealing-wax 
electrified  by  friction  with  flannel  or  silk  be  approached  to  another  electrical 
pendulum,  the  same  eflccts  will  be  produced — the  ball  will  fly  towards  the 
wax,  and  after  contact  will  be  repelled.  Two  bodies,  which  have  been 
charj^cd  with  electricity,  repel  one  another.  But  the  electricities  respectively 
developed  in  the  preceding  cases,  are  not  the  same.  If,  after  the  pith  ball 
had  been  touched  with  an  electrified  glass  rod,  an  electrified  stick  of  sealing- 
wax,  and  then  an  electrified  glass  rod,  be  alternately  approached  to  it,  the 
pith  ball  will  be  attracted  by  the  former  and  repelled  by  the  latter.  Simi- 
larly, if  the  pendulum  be  charged  by  contact  with  the  electrified  sealing- 
wax,  it  will  be  repelled  when  this  is  approached  to  it,  but  attracted  by  the 
approach  of  the  excited  glass  rod. 

On  experiments  of  this  nature,  Dufay  first  made  the  observation  that 
there  arc  two  different  electricities  :  the  one  developed  by  the  friction  of 
glass,  the  other  by  the  friction  of  resin  or  shellac.  To  the  first  the  name 
vitreous  electricity  is  given  :  to  the  second  the  name  resinous  electricity. 
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728.  Tlieories  of  eleotrlolty. — Two  theories  have  been  proposed  to 
account  for  the  different  effects  of  electricity.  Franklin  supposed  that  there 
exists  a  peculiar,  subtle,  imponderable  fluid,  which  acts  by  repulsion  on  its 
own  particles,  and  pervades  all  matter.  This  fluid  is  present  in  every  sub- 
stance in  a  quantity  peculiar  to  it,  and  when  it  contains  this  quantity  it  is  in 
the  natural  state,  or  in  a  state  of  equilibrium.  By  friction  certain  bodies 
acquire  an  additional  quantity  of  the  fluid,  and  are  said  to  be  positively 
electrified ;  others  by  friction  lose  a  portion,  and  are  said  to  be  negcUively 
electrified.  The  former  state  corresponds  to  vitreous  electricity,  and  the 
latter  to  resinous  electricity.  Positive  electricity  is  represented  by  the 
sign  + ,  and  negative  electricity  by  the  sign  —  ;  a  designation  based  on 
the  algebraical  principle,  that  when  a  plus  quantity  is  added  to  an  equal 
minus  quantity  zero  is  produced.  So  when  a  body  containing  a  quantity  of 
positive  electricity  is  touched  with  a  body  possessing  an  equivalent  quantity 
of  negative  electricity,  a  neutral  or  zero  state  is  produced. 

The  theory  o/Symmer  aissumes  that  every  substance  contains  an  indefinite 
quantity  of  a  subtle,  imponderable  matter,  which  is  called  the  electric  fluid. 
This  fluid  is  formed  by  the  union  of  two  fluids — the  positive  and  the  negative. 
When  they  are  combined  they  neutralise  one  another,  and  the  body  is  then 
in  the  natural  or  neutral  state.  By  friction,  and  by  several  other  means, 
the  two  fluids  may  be  separated,  but  one  of  them  can  never  be  excited 
without  a  simultaneous  production  of  the  other.  There  may,  however,  be  a 
greater  or  less  excess  of  the  one  or  the  other  in  any  body,  and  it  is  then  said 
to  be  electrified  positively  or  negatively.  As  in  Franklin's  theory  vitreous 
corresponds  \o  positive  and  resinous  to  negative  electricity.  This  distinction 
is  merely  conventional :  it  is  adopted  for  the  sake  of  convenience,  and  there 
is  no  other  reason  why  resinous  electricity  should  not  be  called  positive 
electricity. 

Electricities  of  the  same  name  repel  one  another,  and  electricities  of 
opposite  kinds  attract  each  other.  The  electricities  can  circulate  freely  on 
the  surface  of  certain  bodies,  which  are  called  conductors,  but  remain  con- 
fined to  certain  parts  of  others,  which  are  called  nonconductors. 

It  must  be  added  that  this  theory  is  quite  hypothetical ;  but  for  purposes 
of  instruction  its  general  adoption  is  justified  by  the  convenient  explanation 
which  it  gives  of  electrical  phenomena. 

729.  Action  of  eleotrlfled  bodies  on  each  other. — Admitting  the  two- 
fluid  hypothesis,  the  phenomena  of  attraction  and  repulsion  may  be  enunciated 
in  the  following  law  :  — 

Two  bodies  charged  with  the  same  electricity  repel  each  other;  two  bodies 
charged  with  opposite  electricities  attract  each  other. 

These  attractions  and  repulsions  take  place  in  virtue  of  the  action  which 
the  two  electricities  exert  on  themselves,  and  not  in  virtue  of  their  action  on 
the  particles  of  matter. 

730.  &aw  of  the  development  of  eleotrlolty  by  fHotlon. — Whenever 
two  bodies  are  rubbed  together,  the  neutral  electricity  is  decomposed.  Two 
electricities  are  developed  at  the  same  time  and  in  equal  quantitiei — one 
body  takes  positive  and  the  other  negative  electricity.  This  may  be  proved 
by  the  following  experiment  devised  by  Faraday : — A  small  flannel  cap 
provided  with  a  silk  thread  (fig.  609)  is  fitted  on  the  end  of  a  stoul  \c^  ^"^ 
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shellac,  and  rubbed  round  a  few  times.    When  the  cap  is  removed  by  means 
of  a  silk  thread,  and  presented  to  a  pith-ball  pendulum  charged  with  positive 

electricity,  the  latter  will  be  repelled,  proving  that  the 

jf^\    flannel  is  charged  with  positive  electricity ;  while  if  the 

J^W  \  shellac  is  presented  to  the  pith  ball,  it  will  be  attracted, 

jSj^      \  showing  that  the  shellac  is   charged  with  negative 

jO^  1  electricity.     Both  electricities  are  present   in   equal 

j2w  (   quantities ;  for  if  the  rod  be  presented  to  the  electro- 

^^r  /   scopes  before  removing  the  cap,  no  action  is  observed. 

^^  The  electricity  developed  on  a  body  by  friction 

^w  depends  on  the  rubber  as  well  as  the  body  rubbed. 

Fig.  609.  Thus  glass  becomes  negatively  electrified  when  rubbed 

with  cat's  skin,  but  positively  when  rubbed  with  silk. 
In  the  following  list,  which  is  mainly  due  to  Faraday,  the  substances  are 
arranged  in  such  an  order  that  each  becomes  positively  electrified  when 
rubbed  with  any  of  the  bodies  following,  but  negatively  when  rubbed  with 
any  of  those  which  precede  it : — 


1.  Cat's  skin. 

2.  Flannel. 

3.  I  vory. 

4.  Rock  crystal. 


5.  Glass. 

6.  Cotton. 

7.  Silk. 

8.  The  hand. 


9.  Wood. 

10.  Metals. 

11.  Caoutchouc. 

12.  Sealing-wax. 


13.  Resin. 

14.  Sulphur. 

15.  Gutta-percha, 

16.  Gun  cotton. 


The  nature  of  the  electricity  set  free  by  friction  depends  also  on  the 
degree  of  polish,  the  direction  of  the  friction,  and  the  temperature.  If  two 
glass  discs  of  different  degrees  of  polish  are  rubbed  against  each  other,  that 
which  is  most  polished  is  positively,  and  that  which  is  least  polished  is 
negatively  electrified.  If  two  silk  ribbons  of  the  same  kind  are  rubbed 
across  c.irh  other,  that  which  is  transversely  rubbed  is  negatively  and  the 
other  positively  electrified.  If  two  bodies  of  the  same  substance,  of  the  same 
polish,  but  of  different  temperatures,  are  rubbed  together,  that  which  is  most 
heated  is  nc.ir.itively  electrified.  Generally  speaking,  the  particles  which  are 
most  re.idily  dispb.ced  are  negatively  electrified. 

Poggcndorff  has  observed  that  many  substances  which  have  hitherto  been 
regarded  as  highly  negative,  such  as  gun-paper, gun-cotton,  and  ebonite,  yield 
positive  electricity  when  rubbed  with  leather  coated  with  amalgam.  It 
must  be  added  that  the  results  of  experiments  on  the  kind  of  electricity  pro- 
duced by  rubbing  bodies  together  are  somewhat  uncertain,  as  slight  differ- 
ences in  the  surfaces  of  the  bodies  rubbed  may  completely  alter  their 
deportment. 

731.  Sevelopment  of  eleotrlolty  by  pressure  and  oleavm^e. — 
Electrical  excitement  may  be  produced  by  other  causes  than  friction.  If  a 
disc  of  wood,  covered  with  silk,  on  which  some  amalgam  has  been  rubbed, 
and  a  metal  disc,  each  provided  with  an  insulating  handle,  be  placed  in  con- 
tact, and  then  suddenly  separated,  the  metal  disc  is  negatively  electrified. 
A  crystal  of  Iceland  spar  pressed  between  the  fingers  becomes  positively 
electrified,  and  retains  this  state  for  some  time.  The  same  property  is 
observed  in  several  other  minerals,  even  though  conductors,  provided  they 
be  insulated.  If  cork  and  caoutchouc  be  pressed  together,  the  first  becomes 
positively  and  the  latter  negatively  electrified.    A  disc  of  wood  pressed  on 
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an  onuige  and  separated  carries  away  a  good  charge  of  electricity  if  the 
contact  be  rapidly  interrupted.  But  if  the  disc  is  slowly  removed  the  quan- 
tity is  smaller,  for  the  two  fluids  recombine  at  the  moment  of  their  separation. 
For  this  reason  there  is  no  apparent  eiTect  when  the  two  bodies  pressed 
together  are  good  conductors. 

The  contact  of  heterogeneous  bodies  is  no  doubt  the  source  of  electricity. 
Pressure  and  friction  are  but  particular  cases  ;  in  the  former  case  the  con- 
tact is  closer  and  in  the  latter  case  the  surfaces  are  being  continually  renewed, 
and  the  effect  is  the  same  as  if  there  were  a  series  of  rapidly  succeeding 
contacts. 

Oeav^e  also  is  a  source  of  electricity.  If  a  plate  of  mica  be  rapidly 
split  in  the  dark,  a  slight  phosphorescent  light  is  perceived.  Becquerel 
fixed  glass  handles  to  each  side  of  a  plate  of  mica,  and  then  rapidly  separated 
them.  On  presenting  each  of  the  plates  thus  separated  to  an  electroscope, 
he  found  that  one  was  negatively  and  the  other  positively  electrified.  If  a 
stick  of  sealing-wax  be  broken,  the  ends  exhibit  different  electricities. 

All  badly  conducting  crystalline  substances  exhibit  electrical  indications 
by  cleavage.  The  separated  plates  are  always  in  opposite  electrical  condi- 
tions, provided  they  are  not  good  conductors  :  for  if  they  were,  the  separa- 
tion would  not  be  sufficiently  rapid  to  prevent  the  recombination  of  the  two 
electricities.  To  the  phenomena  here  described  is  due  the  luminous  appear- 
ance seen  in  the  dark  when  sugar  is  broken.  If  sulphur  or  resin  be  melted 
in  glass  vessels  and  a  glass  rod  be  placed  in  (he  melted  mass  ;  on  cooling 
the  solid  mass  can  be  lifted  out,  and  will  be  found  to  be  negatively  electrified. 

731.  Vyroeleotrloltr.— Certain  minerals,  when  warmed,  acquire  electri- 
cal properties  ;  a  phenomenon  to  which  the  name  pyroeUclridty  is  given. 
It  is  best  studied  in  tourtrtaline^  in  which  it  was  first  discovered  ^ 

from  the  fact  that  this  mineral  has  the  power  of  first  attracting 
and  then  repelling  hot  ashes  when  placed  among  ihem. 

To  observe  this  phenomenon,  a  crystal  of  tourmaline 
(fig.  610)  is  suspended  horizontally  by  a  silk  thread,  in  a  glass 
cylinder  placed  on  a  heated  metal  plate.  On  subsequently 
investigating  the  electric  condition  of  the  ends  by  approaching  j ; 
to  them  successively  an  electrified  glass  rod,  one  end  will  be 
found  to  be  positively  electrified,  and  the  other  end  negatively 
electrified,  and  each  end  shows  this  polarity  as  long  as  the 
temperature  rises.  The  arrangement  of  the  electricity  is  thus 
like  that  of  the  magnetism  in  a  magnet.  The  points  at  which 
the  intensity  of  free  electricity  is  greatest  are  called  the  poles, 
and  the  line  connecting  them  is  the  electric  axis.     When  a  A 

tourmaline,  while  thus  electrified,  is  broken  in  the  middle,  each  Fig.  610. 
of  the  pieces  has  its  two  poles,  and  the  polarity  of  the  broken  ends  is  oppo- 
site, resembling  thus  the  experiment  of  the  broken  magnets  (685).  The 
quantities  of  eleclricily  produced  when  tourmaline  is  healed  are  equal  as 
well  as  opposite,  for  if  a  heated  crystal  be  suspended  by  an  insulating  sup- 
port inside  an  insulated  metal  cylinder,  the  outside  of  which  is  connected 
with  an  electroscope  {745),  no  divergence  in  its  leaves  is  produced. 

These  polar  properties  depend  on  the  change  of  temperature.  When  a 
toumuline,  which  has  become  electrical  by  being  warmed,  is  allowed  to  cwA 
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slowly,  it  first  loses  electricity,  and  then  its  polarity  becomes  reversed; 
that  is,  the  end  which  was  positive  now  becomes  negative,  and  that  which 
was  negative  becomes  positive,  and  the  position  of  the  poles  now  remains 
unchanged  so  long  as  the  temperature  sinks.  Tourmaline  only  becomes 
pyroelectric  within  certain  limits  of  temperature  ;  these  vary  somewhat  with 
the  length,  but  are  usually  between  10°  and  150°  C.  Below  and  above  these 
temperatures  it  behaves  like  any  other  body,  and  shows  no  polarity. 

Tourmaline  belongs  to  the  hexagonal  system,  and  usually  crystallises  in 
hemihedral  forms  ;  those,  that  is  to  say,  which  are  differently  modified  at  the 
ends  of  their  crystallographical  principal  axis.  The  name  analogous  pole  is 
given  to  that  end  A  of  the  crystal  which  shows  positive  electricity  when  the 
temperature  is  rising,  and  negative  electricity  when  it  is  sinking ;  anUlogoui 
pole  to  the  end  B  which  becomes  negative  by  being  heated,  and  positive 
by  being  cooled. 

Besides  tourmaline  the  following  minerals  are  found  to  be  pyroelectric, 
though  not  so  markedly  :  boracite,  topaz,  prehnite,  silicate  of  zinc,  scolezite, 
axenite.  And  the  following  organic  bodies  are  pyroelectric :  cane-sugar, 
Pasteur's  salt  (racemate  of  sodium  and  ammonium),  tartrate  of  potassium,  &c. 

Sir  W.  Thomson  supposes  that  every  portion  of  tourmaline  and  other 
hemihedral  crystals  possesses  a  definite  electrical  polarity,  the  intensity  of 
which  depends  on  the  temperature.  When  the  surface  is  passed  through  a 
flame  every  part  becomes  electrified  to  such  an  extent  as  to  exactly  neutralise 
for  all  external  points  the  effect  of  the  internal  polarity.  The  crystal  thus  has 
no  external  action,  nor  any  tendency  to  change  its  mode  of  electrification. 
But  if  it  be  heated  or  cooled  the  internal  polarisation  of  each  particle  of  the 
cr>'stal  is  altered,  and  can  no  longer  be  balanced  by  the  superficial  electrifica- 
tion, so  that  there  is  a  resultant  external  action. 
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CHAPTER  II. 


QUANTITATIVE  LAWS  OF  ELECTRICAL  ACTION. 

733.  aieotrloAl  quantltj. — In  the  experiment  with  the  flannel  cap  ctb^ 
(escribed  above  (730),  each  time  the  experiment  is  made,  the  quantity  of 
ositive  electricity  produced,  which  remains  on  the  flannel,  is  equal  to  that 
I"  the  negative  electricity,  which  remains  on  the  sealing-wax.  The  flannel, 
rith  its  charge  of  positive  electricity,  may  be  detached,  and  if  we  work 
mder  precisely  uniform  conditions,  equal  quantities  of  electricity  can  thus 
le  separated. 

If  we  fill  water  from  a  constant  source  into  a  cask  by  means  of  a  measure, 
he  quantity  added  would  be  directly  proportional  to  the  number  of  such 
neasures.  Now,  although  in  the  above  experiment  the  quantities  of  elec- 
ricity  produced  each  time  are  equal,  yet  when  the  flannel  cap  is  applied 
ach  time  to  an  insulated  conductor  it  does  not  necessarily  follow  that  the 
(uantity  of  electricity  imparted  each  time 
s  directly  proportional  to  the  number  of 
mch  applications. 

On  the  C.  G.  S.  system  the  unit 
quantity  of  electricity  is  that  amount 
which,  acting,  at  a  distance  of  one  centi- 
metre across  air,  on  a  quantity  of  elec- 
tricity of  the  same  kind  equal  to  itself, 
would  repel  it  with  a  force  equal  to  one 
dyne  (709). 

734*  &aws  of  eleotrioal  attraottons 
■•4  repalaions. — The  laws  which  regu- 
late the  attractions  and  repulsions  of 
electrified  bodies  may  be  thus  stated  : — 

I.  The  repulsions  or  attractions  be- 
t^en  two  electrified  bodies  are  in  the 
^f^erse  ratio  of  the  squares  of  their  dis- 

II.  The  distance  remaining  the  same, 
^^  force  of  attraction  or  repulsion  between 
^"Uto  electrified  bodies  is  directly  as  the  pro- 
^^t  of  the  quantities  of  electricity  with 
^^hich  they  are  charged. 

These  laws  were  established  by  Coulomb,  by  means  of  the  torsion 
glance,  used  in  determining  the  laws  of  magnetic  attractions  and  repul- 
*«ons  (704),  modified  in  accordance  with  the  requirements  of  tht  C3c&t.    "Wtf 
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wire,  on  the  torsion  of  which  the  method  depends,  is  so  fine  that  a  foot 
weighs  only  ~  of  a  grain.  At  its  lower  extremity  there  is  a  fine  shellac  rod, 
np  (fig.  6ii),  at  one  end  of  which  is  a  small  disc  of  copper-foil,  n.  Instead 
of  the  vertical  magnetic  needle,  there  is  a  glass  rod,  /,  terminated  by  a  gilt 
pith  ball,  //;,  which  passes  through  the  aperture  r.  The  scale  oc  is  fixed 
round  the  sides  of  the  vessel,  and  during  the  experiment  the  ball  m  is 
opposite  the  zero  point  o.  The  micrometer  consists  of  a  small  graduated 
disc,  r,  movable  independently  of  the  tube  //,  and  of  a  fixed  index,  <«,  which 
shows  by  how  many  degrees  the  disc  is  turned.  In  the  centre  of  the  disc 
there  is  a  small  button,  /,  to  which  is  fixed  the  wire  which  supports  np. 

i.  The  micrometer  is  turned  until  the  zero  point  is  opposite  the  index, 
and  the  tube  d  is  turned  until  the  knob  n  is  opposite  zero  of  the  graduated 
circle  :  the  knob  ;//  is  in  the  same  position,  and  thus  presses  against  n.  The 
knob  ffi  is  then   removed  and  electrified,  and  replaced  in  the  apparatus, 
through  the  aperture  r.    As  soon  as  the  electrified  knob  m  touches  «,  the 
latter  becomes  electrified,  and  is  repelled,  and  after  a  few  oscillations  re- 
mains constant  at  a  distance  at  which  the  force  of  repulsion  is  equal  to  the 
force  of  torsion.     In  a  special  experiment  Coulomb  found  the  angle  of  tor- 
sion between  the  two  to  be  36° ;  and  as  the  force  of  torsion  is  proportional 
to  the  angle  of  torsion,  this  angle  represents  the  repulsive  force  between  « 
and  ;/.     In  order  to  reduce  the  angle  to  18®  it  was  necessary  to  turn  the  disc 
through  126°."    The  wire  was  twisted  126°  in  the  direction  of  the  arrow  at 
its  upper  extremity,  and  18^  in  the  opposite  direction  at  its  lower  extremity, 
and  hence  there  was  a  total  torsion  of  144°.     On  turning  the  micrometer  in 
the  same  direction,  until  the  angle  of  deviation  was  8^°,  567®  of  torsion  was 
necessary'.      Hence  the  whole  torsion  was  575}.      Without  sensible  error 
these  angles  of  deviation  may  be  taken  at  36°,  i8^  and  9° ;  and  on  comparing 
them  with  the  corresponding  angles  of  torsion,  36°,  144°,  and  576®,  we  sec 
that  while  the  first  are  as 

I  :  J  :  i, 
the  latter  are  as 

I  :  4  :  16 ; 

that  is,  that  for  a  distance  \  as  great  the  angle  of  torsion  is  4  times  as  ptat, 
and  that  for  a  distance  J-  as  great  the  repulsive  force  is  16  times  as  great. 

In  experimenting  with  this  apparatus  the  air  must  be  thoroughly  dry,  in 
order  to  diminish,  as  far  as  possible,  loss  of  electricity.  This  is  effiected  by 
placing  in  it  a  small  dish  containing  chloride  of  calcium. 

The  experiments  by  which  the  law  of  attraction  is  proved  are  made  in 
much  the  same  manner,  but  the  two  balls  are  charged  with  opposite  electn- 
cities.  A  certain  quantity  of  electricity  is  imparted  to  the  movable  bail,  by 
means  of  an  insulated  pin,  and  the  micrometer  moved  until  there  is  a  certain 
angle  below.  A  charge  of  electricity  of  the  opposite  kind  is  then  imparted 
to  the  fixed  ball.  The  two  balls  tend  to  move  towards  each  other,  but  arc 
prevented  by  the  torsion  of  the  wire,  and  the  movable  ball  remains  at  a 
distance  at  which  there  is  equilibrium  between  the  force  of  attraction,  which 
draws  the  balls  together,  and  that  of  torsion,  which  tends  to  separate  them- 
The  micrometer  screw  is  then  turned  to  a  greater  extent,  by  which  njore 
torsion  and  a  greater  angle  between  the  two  balls  are  produced.  And  it  *s 
from  the  relation  which  exists  between  the  angle  of  deflection  on  the  0^^ 
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band,  and  the  angle  which  expresses  the  force  of  torsion  on  the  oth^r,  that 

the  law  of  attraction  has  been  deduced. 

ii.  To  prove  this  second  law  let  a  charge  be  imparted  to  m  ;  ;/  being  in 

contact  with  it  becomes  charged,  and  is  repelled  to  a  certain  distance.     The 

angle  of  deflection  being  noted,  let  the  ball  m  be  touched  by  an  insulated 

but  unelectriiied  ball  of  exactly  the  same  size  and  kind.     If  in  this  way  half 

the  charge  on  one  of  the  balls  is  removed  it  will  be  found  that  the  amount 

of  torsion  necessary  to  maintain  the  balls  at  their  original  angular  distance 

is  half  what  it  was  before. 

ee' 
The  two  laws  are  included  in  the  formula  F  « ,  where  F  is  the  force, 

e  aiad  e'  the  quantities  of  electricity  on  any  two  surfaces,  and  d  the  distance 
between  them.  If  ^  and  e'  are  of  opposite  electricities  the  action  is  one  of 
attraction,  while  if  they  are  the  same  it  is  a  repulsive  action. 

735.  JHstrilmtloii  orelootricitjr. — When  an  insulated  sphere  of  conduct- 
ing material  is  charged  with  electricity,  the  electricity  passes  to  the  surface 
of  the  sphere,  and  forms  there  an  extremely  thin  layer.  If,  in  Coulomb's 
balance,  the  fixed  ball  be  replaced  by  another  electrified  sphere,  a  certain 
repulsion  will  be  observed.  If  then  this  sphere  be  touched  with  an  insulated 
sphere  identical  with  the  first,  but  in  the  neutral  state,  the  first  ball  will  be 
found  to  have  lost  half  its  electricity,  and  only  half  the  repulsion  will  be 
observed.  By  repeating  this  experiment  with  spheres  of  various  substances 
solid  and  hollow,  but  all  having  the  same  superficies,  the  result  will  be 
the  same,  excepting  that,  with  imperfectly  conducting  materials,  the  time 
required  for  the  distribution  will  be  greater.  From  this  it  is  concluded  that 
the  distribution  of  electricity  depends  on  the  extent  of  the  surface,  and  not 
on  the  mass,  and,  therefore,  that  electricity  does  not  penetrate  into  the 
interior,  but  is  confined  to  the  surface.  This 
conclusion  is  further  established  by  the  following 
experiments : — 

i.  A  thin  hollow  copper  sphere  provided 
with  an  aperture  of  about  an  inch  in  diameter 
(%.  612),  and  placed  on  an  insulating  support, 
is  charged  in  the  interior  with  electricity.  When 
the  carrier  ox  proof  plane  (a  small  disc  of  copper- 
foil  at  the  end  of  a  slender  glass  or  shellac  rod) 
is  applied  to  the  interior,  and  is  then  brought 
near  an  electroscope,  no  electrical  indications 
are  produced.  But  if  the  proof  plane  is  applied 
to  the  electroscope  after  having  been  in  contact 
with  the  exterior,  a  considerable  divergence 
ensues. 

The  action  of  the  proof  plane  as  a  measure  of 
the  quantity  of  electricity  is  as  follows  : — When     j 
it  touches  any  surface  the  proof  plane  becomes 
confounded  with  the  element  touched  ;  it  takes  ^'^'  ^"' 

in  some  sense  its  place  relatively  to  the  electricity,  or  rather,  it  becomes 
itself  the  element  on  which  the  electricity  is  diffused.    Thus  when  the  proof 
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transferred  it    to  the  balance  without  its  losing  any  of  the  electricity  wliicn 

covered  it. 
ii.  A  hollow  globe,  fixed  on  an  insulating  support,  is  provided  with  i*'' 
hemispherical  Mve- 
lopes  which  fit  closely, 
and  can  be  separawil 
by  glass  handle?.  The 
interior  Is  nnw  tV^^- 
trifled,  and  thf  t"" 
hemispheres  broug!" 
iti  contact.  On  lti«" 
rapidly  removingll!'™ 
(fig.  61  )  the  cover- 
ings will  be  found  W 
be  electrified,  wliil*'''' 
sphere  is  in  its  nawral 
condition. 

iii.     The  distribu- 
tion  of  elearicit)'  <"■ 
the  surface  may  »'*'' 
be  sho»-n  by  mean*  "I 
the  following  appar*' 
tus  :— It  consists  n*  * 
tnetal  cylinder  on  if 
sulated    suppons,   p" 
which  is  fixed  a  l<"*^ 
strip  of  tin-foil  whi<= 
can    be   rolled   up  f  \ 
quadrant  electromet*^ 
ilh   the  cylinder.     When  the  ^' 
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is  rolled  up,  a  charge  is  imparted  to  the  cylinder,  by  which  a  certain 
divergence  is  produced.  On  unrolling  the  tin-foil  this  divergence  gradually 
diminishes,  and  increases  as  it  is  again  rolled  up.  The  quantity  of  electri- 
city remaining  the  same,  the  electrical  force,  on  each  unit  of  surface,  is 
therefore  less  as  the  surface  is  greater. 

iv.  The  following  ingenious  experiment  by  Faraday  further  illustrates 
this  law  : — A  metal  ring  is  fitted  on  an  insulated  support,  and  a  conical 
gauze  bag,  such  as  is  used  for  catching  butterflies,  is  fitted  to  it  (fig.  615). 

By  means  of  a  silk  thread,  the  bag  can  be 
drawn  inside  out.  After  electrifying  the  bag, 
it  is  seen  by  means  of  a  proof  plane  that  the 
electricity  is  on  the  exterior  ;  but  if  the  positions 
are  reversed  by  drawing  the  bag  inside  out, 
so  that  the  interior  has  now  become  the  ex- 
terior, the  electricity  will  still  be  found  on  the 
exterior. 

v.  The  same  point  may  be  further  illustrated 
by  an  experiment  due  to  Terquem.  A  bird-cage, 
preferably  of  metal  wire,  is  suspended  by  insu- 
lators, and  contains  either  a  gold-leaf  electro- 
scope or  pieces  of  Dutch  metal,  feathers,  pith 
balls,  &c.  When  the  cage  is  connected  with 
an  electrical  machine,  the  articles  in  the  interior 
are  quite  unaffected,  although  strong  sparks  may 
be  taken  from  the  outside.  Bands  of  paper  may 
be  fixed  to  the  inside  ;  while  those  fixed  to  the  outside  diverge  widely.  A 
bird  in  the  inside  is  quite  unaffected  by  the  charge  or  discharge  of  the 
electricity  of  the  cage. 

The  property  of  electricity,  of  accumulating  on  the  outside  of  bodies, 
is  ascribed  to  the  repulsion  which  the  particles  exert  on  each  other.  Electri- 
city tends  constantly  to  pass  to  the  surface  of  bodies,  whence  it  continually 
tends  to  escape,  but  is  prevented  by  the  resistance  of  the  feebly  conducting 
atmosphere. 

To  the  statement  that  electricity  resides  on  the  surface  of  bodies,  two 
exceptions  may  be  noted.  When  two  opposite  electricities  are  discharged 
through  a  wire — a  phenomenon  which,  when  continuous,  forms  an  electrical 
current — the  discharge  is  effected  throughout  the  whole  mass  of  the  con- 
ductor. Also  a  body  placed  inside  another  may,  if  insulated  from  it,  receive 
charges  of  electricity.  On  this  depends  the  possibility  of  electrical  experi- 
ments in  ordinary  rooms. 

736.  Xleetrio  density. — On  a  metallic  sphere  the  distribution  of  the 
electricity  will  be  uniform  in  every  part,  simply  from  its  symmetry.  This 
can  be  demonstrated  by  means  of  the  proof  plane  and  the  torsion  balance. 
A  metallic  sphere  placed  on  an  insulating  support  is  electrified,  and 
touched  at  different  parts  of  its  surface  with  the  proof  plane,  which  each 
time  is  applied  to  the  movable  needle  of  the  torsion  balance.  As  in  all 
cases  the  torsion  observed  is  sensibly  the  same,  it  is  concluded  that  the 
proof  plane  each  time  receives  the  same  quantity  of  electricity.  In  the 
^asc  of  an  elongated  ellipsoid  (fig.  616)  it  is  found  that  l\\^  d\s\rCavs^Aa^ 


Fig.  615. 


656 


Frictional  Electricity. 


\m- 


Fig.  6i6. 


of  electricity  is  different  at  different  points  of  the  surfiEKre.  The  electricity 
accumulates  at  the  most  acute  points.  This  is  demonstrated  by  succes- 
sively touching  the  ellipsoid  at  different  parts  with  the  proof  plane,  and 

then  bringing  this 
into  the  torsion 
balance.  By  this 
means  Coulomb 
found  that  the 
greatest  deflection 
was  produced  when 
the  proof  plane  bad 
been  in  contact 
with  the  point  a^ 
and  the  least  by 
contact  with  the 
middle  space  e. 

The  electric 
density  or  electric 
thickness  is  the 
term  used  to  ex- 
press the  quantity  of  electricity  found  at  any  moment  on  a  given  surface. 
If  S  represents  the  surface  and  Q  the  quantity  of  electricity  on  that  surface, 
then,  assuming  that  the  electricity  is  equally  distributed,  its  electrical  density 

is  equal  to  g. 

Coulomb  found,  by  quantitative  experiments,  that  in  an  ellipsoid  the 
density  of  the  electricity,  at  the  equator  of  the  ellipsoid,  is  to  that  at  the  ends 
in  the  same  ratio  as  the  length  of  the  minor  to  the  major  axis.  On  an  insu- 
lated cylinder,  terminated  by  two  hemispheres,  the  density  of  the  electrical 
layer  at  the  ends  is  greater  than  in  the  middle.  In  one  case,  the  ratio  of 
the  two  densities  was  found  to  be  as  2*3  :  i.  On  a  circular  disc  the  density 
is  greatest  at  the  edges. 

737.  Force  ontside  an  eleotrllled  bodj. — The  force  F  which  a  sphere, 
charged  with  a  quantity  of  electricity  Q,  exerts  on  a  point  at  a  distance  i 

from  its  centre,  is  ^  ;  this  is  equal  to  —■  if  S  is  the  area  of  the  sphere,  and 

p  the  density  of  electricity  on  the  unit  of  surface.     Now  the  area  of  th^ 
sphere  is  47rR'  ;  and  if  the  distance  d  is  equal  to  the  radius  R,  then  theforc^ 

at  the  surface  is  -^--^4irp. 

This  holds  also  if  the  point  considered  is  at  a  very  small  distance  just- 
outside  the  sphere.  Let  a  small  segment  ad  be  cut  in  a  sphere  (fig.  617). 
Then  its  action  on  a  point  /  just  inside  the  sphere  will  be  exactly  neutralised 
by  the  action  of  the  rest  of  the  sphere  acd  on  this  point,  since  there  is  no 
electrical  force  inside  a  sphere  (735) ;  that  is,  the  action  of  the  two  portions 
is  equal,  but  in  opposite  directions.  Now  for  a  point  /,  just  outside  the 
sphere,  the  actions  will  also  be  equal,  but  in  the  same  directions.  But  the 
total  action  of  the  whole  sphere  is  4JTp  :  hence  the  action  of  each  portion  is 
haifof  this  ;  that  is,  inp. 
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It  may  be  shown  in  like  manner  that  the  whole  force  of  any  closed  con- 
doctor  is  4irp. 

On  an  insulated  conductor,  where  the  electricity  is  in  equilibrium,  a 
particle  of  electricity  will  have  no  tendency  to  move  along  the  surface,  for 
otherwise  there  would  be  no  equilibrium.  But  the 
electricity  does  exert  a  pressure  on  the  external  non- 
conducting  medium,  which  is  always  directed  outwards, 
and  is  called  the  electrical  tension  ox  pressure. 

The  amount  of  this  pressure  is  inp^  for  the  unit 
area,  p  being  the  electrical  density  at  the  point  con- 
sidered. It  is  therefore  proportional  to  the  square  of 
the  density.  The  effect  of  this,  for  instance,  on  a 
soap-bubble,  if  electrified  with  either  kind  of  elec- 
tricity, is  to  enlarge  it.  In  any  case  the  electrification 
constitutes  a  deduction  from  the  amount  of  atmospheric  pressure  which  the 
body  experiences  when  unelectrified. 

The  term  electric  density  and  electrical  tension  are  often  confounded. 
The  latter  ought  rather  to  be  restricted,  as  Maxwell  proposed,  to  express  the 
state  of  strain  or  pressure  exerted  upon  a  dielectric  in  the  neighbourhood  of 
an  electrified  body ;  a  strain  which,  if  continually  increased,  tends  to  disrup- 
tive discharge.  Electric  tension  may  thus  be  compared  to  the  strain  on  a 
rope  which  supports  a  weight ;  and  the  dielectric  medium  which  can  support 
a  certain  tension  and  no  more  is  said  to  have  a  certain  electrical  strength,  in 
the  same  sense  as  a  rope  which  bears  a  certain  weight  without  breaking  is 
said  to  have  a  certain  strength. 

738.  Vofe^Btlml. — In  the  experiment  (fig.  616),  instead  of  applying  the 
test  sphere  directly  to  the  large  sphere,  let  the  two  be  placed  at  a  consider- 
able distance  from  each  other,  and  let  them  be  connected  by  a  long  thin  wire, 
and  then,  detaching  the  small  sphere,  let  the  quantity  upon  it  be  measured 
by  the  torsion  balance  :  the  angle  of  deflection  will  show  that  this  quantity 
is  the  same  whatever  part  of  the  large  sphere  be  touched,  as  must  indeed  be 
the  case,  owing  to  symmetry ;  but  the  amount  of  this  charge  will  be  mate- 
rially different  from  that  in  which  the  small  sphere  is  placed  in  direct  contact 
with  the  larger  one.  Hence  the  quantity  of  electricity  removed  differs  ac- 
cording to  the  mode  in  which  connection  is  made. 

If  now  this  experiment  be  repeated  with  the  ellipsoid,  it  will  be  found 
that  whatever  point  of  this  is  put  in  distant  connection  with  the  proof  sphere 
by  the  long  wire,  the  charge  which  the  small  sphere  acquires  is  ever>'where 
the  same  ;  although,  as  we  have  seen,  the  proof  sphere  would  remove  very 
different  quantities  of  electricity  according  to  the  part  where  it  touches. 

Here,  then,  we  are  dealing  with  experimental  facts  which  our  previous 
notions  are  insufficient  to  explain.  It  is  manifest  that  the  difference  in  the 
results  depends  neither  on  the  total  charge  nor  on  the  density.  We  require 
the  introduction  of  a  new  conception,  which  is  that  of  electrical  potential. 
Introduced  originally  into  electrical  science  by  Green,  out  of  considerations 
arising  from  the  mathematical  treatment  of  the  subject,  the  use  of  the  term 
potential  is  justified  and  recommended  by  the  clearness  with  which  it  brings 
out  the  relations  of  electricity  to  work. 

We  have  already  seen,  that  in  order  to  lift  a  certain  ma&s  ^i^'dSiv^x.  ^^Cl^ 
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attraction  of  gravitation  (59-62)  there  must  be  a  definite  expenditure  of 
work,  and  the  equivalent  of  this  work  is  met  with  in  the  energy  which  the 
lifted  mass  retains,  or  what  is  called  the  potential  energy  of  position. 

Let  us  now  suppose  that  we  have  a  large  insulated  metal  sphere  charged 
with  positive  electricity,  and  that,  at  a  distance  which  is  very  great  in  com- 
parison with  the  size  of  the  sphere,  there  is  a  small  insulated  sphere  charged 
with  the  same  kind  of  electricity.  If  now  we  move  the  small  sphere  to  any 
given  point  nearer  the  larger  one,  we  must  do  a  certain  amount  of  work  upon 
it  to  overcome  the  repulsion  of  the  two  electricities. 

The  work  required  to  be  done  against  electrical  forces,  in  order  to  move 
the  unit  of  positive  electricity  from  an  infinite  distance  to  a  given  point  in 
the  neighbourhood  of  an  electrified  conductor,  is  called  i^t  potential  2Si  this 
point.  If,  in  the  above  case,  the  larger  sphere  were  charged  with  negative 
electricity,  then  instead  of  its  being  needful  to  do  work  in  order  to  bring  a 
unit  of  positive  electricity  towards  it,  work  would  be  done  by  electrical  at- 
traction, and  the  potential  of  the  point  near  the  charged  sphere  would  thus 
be  negative. 

The  potential  at  any  point  may  also  be  said  to  be  the  work  done 
against  electrical  force,  in  moving  unit  charge  of  negative  electricity  from 
that  point  to  an  infinite  distance. 

The  amount  of  work  required  to  move  the  unit  of  positive  electricity 
against  electrical  force,  from  any  one  position  to  any  other,  is  equal  to  the 
excess  of  the  electrical  potential  of  the  second  position  over  the  electrical 
potential  of  the  first.  This  is,  in  effect,  the  same  as  what  has  been  said 
above,  for  at  an  infinite  distance  the  potential  is  zero. 

We  cannot  speak  of  potential  in  the  abstract,  any  more  than  we  can 
speak  of  any  particular  height,  without  at  least  some  tacit  reference  to  a 
standard  of  level.     Thus,  if  we  say  that  such  and  such  a  place  is  300  fec^ 
high,  we  usually  imply  that  this  height  is  measured  in  reference  to  the  level 
of  the  £ea.     So,  too,  we  refer  the    longitude  of  a   place  to  some  definit* 
meridian,  such  as  that  of  Greenwich,  either  expressly  or  by  implication. 

In  like  manner  we  cannot  speak  of  the  potential  of  a  mass  of  electrici^' 
without,  at  least,  an    implied  reference  to  a  standard  of  potential.    Tb*" 
standard  is  usually  the  earth,  which  is  taken  as  being  zero  potential.     If  ^^' 
speak  of  the  potential  at  a  given  point,  the  difference  between  the  potenti  ^ 
at  this  point  and  the  earth  is  referred  to. 

If  in  the  imaginary  experiment  described  above,  we  move  the  small  sphe^ 
round  the  large  electrified  one  always  at  the  same  distance,  no  work  is  doi^ 
by  or  against  it  for  the  purpose  of  overcoming  or  of  yielding  to  electric^ 
attractions  or  repulsions,  just  as  if  we  move  a  body  at  a  certain  constant  lev^ 
above  the  earth's  surface,  no  work  is  done  upon  it  as  respects  gravitation^ 
An  imaginar)'  surface  drawn  in  the  neighbourhood  of  an  electrified  body^ 
such  that  a  given  charge  of  electricity  can  be  moved  from  any  one  point  ot 
it  to  any  other,  without  any  work  being  done  either  by  or  against  electrical 
force,  is  said  to  be  an  equipotential  surface.  Such  a  surface  may  be  de-^ 
scribed  as  having  everywhere  the  same  electrical  level ;  and  the  notion  ©r 
bodies  at  different  electrical  levels,  in  reference  to  a  particular  standard,  is 
analogous  to  that  of  bodies  at  different  potentials.  In  the  case  of  an  insulated 
electrified  sphere  the  successive  equipotential  surfaces  would  be  successive 
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shells  of  gradually  increasing  radii,  like  the  coats  of  an  onion.  The  space 
about  an  electrified  body  or  electrified  system  is  called  /Ae  electrical  field. 
The  fall  of  potential  from  one  equipotential  surface  to  another  is  most  rapid 
in  the  direction  of  the  perpendiculars  to  the  two  surfaces.  These  perpen- 
diculars represent  the  lines  of  electrical  force  ^  the  *  lines  of  force*  of  Faraday, 
or  the  '  lines  of  induction '  of  Maxwell.  On  the  surface  of  an  insulated  elec- 
trified sphere  at  a  distance  from  other  conductors,  these  lines  of  force  are 
perpendicular  to  the  surface  of  the  sphere. 

As  water  only  flows  from  places  at  a  higher  level  to  places  at  a  lower 
level,  so  also  electricity  only  passes  from  places  at  a  higher  to  places  at  a 
lower  potential.  If  an  electrified  body  is  placed  in  conducting  communica- 
tion with  the  earth,  electricity  will  flow  from  the  body  to  the  earth,  if  the 
body  is  at  a  higher  potential  than  the  earth  ;  and  from  the  earth  to  the  body, 
if  the  body  is  at  a  lower  potential,  and  its  flow  will  be  proportional  to  the 
difierence  of  potential.  If  the  potential  of  a  body  is  higher  than  that  of  the 
earth,  it  is  said  to  have  a  positive  potential ;  and  if  at  a  lower  potential 
a  negative  potential.  A  body  charged  with/r<?^  negative  electricity  is  one 
at  lower  potential  than  the  earth  ;  one  charged  vi'xihfree  positive  electricity 
is  at  a  higher  potential. 

739.  aiectrieal  oapaolty. — The  capacity  of  any  conductor  may  be 
measured  by  the  quantity  of  electricity  which  it  can  acquire  when  placed 
in  contact  with  a  body  which  charges  it  to  unit  electrical  potential. 

We  may  illustrate  the  relation  between  capacity  and  potential  by  refer- 
ence to  the  analogous  phenomenon  of  heat.  In  the  interchange  of  heat 
between  bodies  of  different  temperatures  the  final  result  is  that  heat  only 
passes  from  bodies  of  higher  to  bodies  of  lower  temperature.  So  also  elec- 
tricity only  passes  from  bodies  of  higher  to  bodies  of  lower  potential. 
Potential  is,  as  regards  electricity,  what  temperature  is  as  regards  heat,  and 
might  indeed  be  called  electrical  temperature.  We  may  have  a  small 
quantity  of  heat  at  a  very  high  temperature.  Thus  a  short  thin  wire  heated 
to  incandescence  has  a  far  higher  heat  potential,  or  temperature,  than  a 
bucket  of  warm  water.  But  the  latter  will  have  a  far  larger  quantity.  A 
flash  of  lightning  represents  electricity  at  a  very  high  potential,  but  the 
quantity  is  small. 

The  relation  between  electrical  potential  and  density  may  be  further 
illustrated  by  reference  to  the  head  of  water  in  a  reservoir.  The  pressure 
is  proportional  to  the  depth  ;  the  potential  is  everywhere  the  same.  For 
suppose  we  want  to  introduce  an  additional  pound  of  water  into  the  reservoir, 
the  same  amount  of  work  is  required  whether  the  water  be  forced  in  at  the 
bottom  or  be  poured  in  at  the  top. 

If  a  hole  be  made  very  near  the  top  of  the  reservoir,  a  quantity  of  water 
in  falling  to  the  ground  would  generate  an  amount  of  heat  proportional  to 
the  fall.  If  the  same  quantity  escaped  through  a  hole  near  the  bottom,  it 
Would  not  produce  so  much  heat  by  direct  fall ;  but  it  will  possess  a  certain 
Velocity,  the  destruction  of  which  will  produce  a  quantity  of  heat  which, 
added  to  that  produced  by  the  fall,  will  give  exactly  as  much  as  the  other. 

When  the  charge  or  quantity  of  electricity  imparted  to  a  body  increases, 
the  potential  increases  in  the  same  ratio  ;  so  that,  calling  Q  the  quantity  of 
electricity,  C  the  capacity,  and  V  the  potential,  we  have  Q  =  CV^  \.Vv^\.\&\.^ 
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say,  that  the  charge,  or  quantity  of  electricity  that  any  body  possesses,  is  the 
product  of  the  potential  into  the  capacity. 

Now  for  a  sphere  whose  radius  is  R  the  potential  V  -  ^,  from  which  we 

XV 

get  C  =^  R  ;  that  is,  that  the  capacity  of  a  sphere  is  equal  to  its  radius. 

While  there  is  a  close  analogy  between  heat  and  electricity,  as  regards 
capacity,  there  are  important  differences ;  thus  the  capacity  of  a  body  fw 
heat  is  influenced  by  the  temperature  (457),  being  greater  at  higher  tem- 
peratures, while  the  capacity  of  a  body  for  electricity  does  not  depend  on 
the  potential.  Again,  the  calorific  capacity  depends  solely  on  the  mass  of  a 
body,  and  in  bodies  of  the  same  material  and  shape  is  proportional  to  the 
cube  of  homologous  dimensions  ;  the  capacity  for  electricity  is  directly  pro- 
portional to  such  dimensions,  and  not  to  the  weight  or  volume.  Calorific 
capacity  is  proportional  to  a  specific  coefficient,  which  varies  with  the 
material,  but  is  independent  of  its  shape ;  while  electrical  capacity  varies 
with  the  shape  of  a  body,  but  not  with  its  material,  provided  the  electricity 
can  move  freely  upon  it.  Calorific  capacity  is  unaffected  by  the  proximity 
of  other  bodies,  while  the  electrical  capacity  depends  on  the  position  aod 
shape  of  all  the  adjacent  conductors. 

If  we  have  a  series  of  bodies  at  a  considerable  distance  from  each  other, 
whose  capacities  and  potentials  are  respectively  Cy  c\  f",  &c.,  and  v,  v',  t/",&c., 
then,  if  they  are  all  connected  by  fine  wires  of  no  capacity,  they  all  instantly 
acquire  the  same  potential  V,  which  is  determined  by  the  equation 

Y     CV  +  (fv'  +  f' V' 

The  analog)'  of  this  to  the  equalisation  of  temperature  which  takes  plac* 
when  bodies  at  different  temperatures  are  mixed  together  is  directly  apparct^^ 
(449).     It  may  be  further  illustrated  by  supposing  a  series  of  tubes  of  differc"^^ 
diameters,  and  connected  by  very  narrow  tubes,  but  in  which  are  stopcocl^* 
to  cut  off  communicalion.     If,  while  in  this  state,  water  be  poured  intotf^* 
tubes  to  different  heights,  it  will  be  manifest  that  they  will  hold  very  vario'^-^ 
quantities  of  water.     If,  however,  the  stopcocks  are  opened,  the  tubes  w^ 
still  contain  quantities  of  water  proportional  to  their  capacities,  but  the  lev^ 
or  potential  in  all  will  be  the  same. 

740.  Measurement  of  capaoitj  and  potential. — We  may  use  Cou^ 
lomb's  balance  for  the  purpose  of  measuring  the  capacity  C,  or  the  potenti^ 
V,  of  a  body  charged  with  electricity.     For  this  purpose  the  body  in  questio' 
is  placed,  by  means  of  a  long  fine  wire  of  no  capacity,  in  distant  contact  wit*-- 
a  small  neutral  insulated  sphere  of  known  radius  r.     This  small  sphere  i 
then  applied  to  the  torsion  balance,  and  its  charge  ^  =  rzMs  measured.   Now- 
since  the  original  charge  on  the  sphere  is  Q  «  CV,  after  contact  with  th^ 
small  sphere,  which  is  neutral,  the  system  will  have  a  new  potential  or  elec 
trical  level,  t/,  such  that  CV  »-r  (C  +  r)  v.     Restoring  now  the  small  sphere  tc:^ 
the  neutral  state,  and  repeating  the  experiment  and  the  measurement,  we  shal 
then  get  a  second  value  nf\  from  which  we  have  the  equation  Qv  -  (C  -»-  r)  v'^ 

Combining  and  reducing,  we  get  the  ratio  V  =  — ,,  which,  seeing  that  rv  ancP 

V 

n>'  are  numerical  values,  leads  directly  to  the  desired  result 
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In  like  manner  it  is  easy  to  determine  the  capacity  by  obvious  transforma- 
tions of  these  equations. 

It  will  thus  be  seen  that  this  process  of  determining  potential  is  ana- 
logous to  that  of  determining  temperature  by  means  of  a  thermometer  ;  and 
the  proof  sphere  plays  the  part,  as  it  were,  of  an  electrical  thermometer.  It 
may  be  observed  that  in  the  case  of  heat  we  pass  from  the  conception  of 
itmtperiUure  to  that  of  quantity  of  heat,  while  with  electricity,  starting  with 
the  fact  of  quantity,  or  charge  of  electricity,  we  arrive  at  the  conception  of 
potential  of  electricity. 

741.  Fotentlal  of  a  spbero. — If  q^  q\  and  ^'  are  any  masses  of  electri- 
city on  the  surface  of  an  insulated  conducting  sphere,  and  </,  ^T,  and  d'  their 

respective  distances  from  any  point  of  the  interior  of  the  sphere,  then  ?~   ^ 

a     a, 


and  ^  are  the  values  of  the  potentials  i/,  v\  and  1/'  which  they  would 

severally  produce  at  this  point.     Let  the  point  in  question  be  the  centre. 
and  let  Q  be  the  sum  of  the  whole  quantities ;  then  V,  the  potential  of  the 

sphere,  equals  -^,  R  being  the  radius. 

If  there  be  a  sphere,  or  uniform  spheroidal  shell  of  matter,  which  acts 
according  to  the  inverse  square  of  the  distance,  then  the  total  action  of  this 
sphere  is  the  same  as  if  the  whole  matter  were  concentrated  at  the  centre. 
This  was  first  proved  by  Newton  in  the  case  of  gravitation ;  but  it  also 
applies  to  electricity,  and  hence,  in  calculating  the  potential  at  any  point  out- 
side a  sphere  possessing  a  uniform  charge,  we  need  only  consider  its  dis- 
tance from  the  centre,  and  for  such  a  case  we  may  write  the  value  of  the 

potential  V-  > 

a 

If  a  charge  of  electricity,  Q,  be  imparted  to  two  insulated  conducting 

spheres  whose  radii  are  respectively  r  and  r',  and  which  are  connected  by 

a  long  fine  wire,  the  capacity  of  which  may  be  neglected,  the  electricity 

will  distribute  itself  over  the  two  spheres,  which  will  possess  the  charges 

^and^';  that  is,  ^  +  ^'«Q.     (i)  The  whole  system  will  be  at  the  same 

potential  V,  such  that  V  «  ?  -  ^.     (2)  Combining  these  two  equations  and 

''educing,  we  get  for  the  quantities  q  and  q'  on  each  sphere  q  -  -^^-    and 

f  +  r' 

9'  -  9.^ 

r->tr^ 
Now,  since  the  diameter  of  any  sphere  with  which  we  can  experiment  is 
•nfinitely  small  compared  with  that  of  the  earth,  it  follows  that  when  a  sphere 
J5  connected  with  the  earth  by  a  fine  wire  the  quantity  of  electricity  which 
^t  retains  is  infinitely  small. 

For  the  densities  on  the  two  spheres  we  have  //»    ^  „  and  /f  «  S——  from 

^  4irr»  47rr  * 

which  by  equation  (2)  it  is  readily  deduced  that  d  \  d'  ^r'  \  r  \  that  is,  that 
^^e  clcctricaJ  densities  on  two  spheres  in  distant  connection  are  inversely  as 
^^e  radii     If,  for  instance,  a  fine  wire  be  connected  with  a  charged  \TwiVd\ft 
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sphere,  the  distant  pointed  end  of  the  wire  may  be  regarded  a.«  a  sphere 
with  an  infinitely  small  radius,  and  thus  the  density  upon  it  would  be 
infinitely  great. 

742.  AotloB  of  points. — We  have  just  seen  that  on  a  point  in  connection 
with  a  conductor  charged  with  electricity  the  density  may  be  considered  to 
be  infinitely  great,  but  the  greater  the  density  the  greater  will  be  the  tendency 
of  electricity  to  overcome  the  resistance  of  the  air,  and  escape.  If  the  hand 
be  brought  near  a  point  on  an  electrified  conductor  a  slight  wind  is  felt ;  and 
if  the  disengagement  of  electricity  takes  place  in  the  dark  a  luminous  brash 
is  seen.  If  an  electrified  conductor  is  to  retain  its  electricity  all  sharp 
points  and  edges  must  be  avoided  ;  on  the  other  hand,  to  facilitate  the  out- 
flow of  electricity  in  apparatus  and  experiments,  frequent  use  is  made  of  this 
action  of  points. 

743.  liooo  of  olootrldtj. —  £x]>erience  shows  that  electrified  bodies 
gradually  lose  their  electricity,  even  when  placed  on  insulating  supports. 
This  loss  is  mainly  due  to  the  insulating  supports.  The  charge  is  gradually 
dissipated  in  consequence  of  the  electricity  either  passing  through  the 
supports  or  creeping  over  the  surface. 

All  substances  conduct  electricity  in  some  degree  ;  those  which  are  termed 
insulators  are  simply  very  bad  conductors.  An  electrified  conductor  restinj: 
on  supports  must  therefore  lose  a  certain  quantity  of  its  electricity— either 
by  penetration  into  its  mass  or  along  the  surface. 

The  loss  varies  with  the  electric  density,  and  increases  with  the  hygro- 
metric  state. 

It  does  not  seem  that  the  loss  from  this  latter  cause  is  due  to  a  direct 
conductivity  by  even  moist  air. 

Sir  W.  Thomson  ascribes  the  greater  part  of  the  loss  of  electricity  to  ine 
conducting  layer  of  moisture  which  covers  the  supports  ;  and  he  finds  that 
in  comparison  with  this  the  loss  by  moist  air  is  inconsiderable. 

Brown  shellac  or  ebonite  is  the  best  insulator :  glass  is  a  hygroscopic 
substance,  and  must  be  dried  with  great  care.  It  is  best  covered  with  a  thin 
layer  of  shellac  varnish,  as  has  already  been  stated. 
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744.  BlectrtcltT  bT  Infloeiioe  or  Indnotlon.^An  insulated  conduct 
:liarged  with  either  kind  of  eleclricily,  arts  on  bodies  in  a  neiilni]  s|. 
tiaccd  near  it  in  a  manner  analogous  to  ihat  of  the  action  of  a  mngnrl 
ofl  iron  ;  that  is,  it  decomposes  the  neutral  fluid,  attracting  the  oppo^ 


"id  repelling  the  like  kind  of  electricity.     The  action  thus  exerted  is  said  to 
*We  place  by  influence  or  induction. 

The  phenomena  of  induction  may  be  demonstrated  by  means  of  a  brass 
blinder  placed  on  an  insulating  support,  and  provided  at  its  extremities 
Hih  two  small  electric  pendulums,  which  consist  of  pith  balls  suspended  by 
'ncn  threads  (fig.  618).  If  this  apparatus  is  placed  near  an  insulated  con- 
'•»«or  m,  chatted  with  cither  kind  of  electricity—  for  instance,  the  conductor 
*  »ti  electrical  machine,  which  is  charged  with  positive  electricity— the 
'*Iural  eleclricily  of  the  cylinder  is  decomposed,  free  electricity  will  be 
'**ck>ped  at  each  end,  and  both  pendulums  will  diverge.  If,  while  they 
"11  diverge,  a  slick  of  sealing-wax,  excited  by  friction  with  flannel,  be  ap- 
''^aebed  to  ihat  end  of  the  cylinder  nearest  ihe  conductor,  the  correspond- 
^Vi  pith  ball  will  be  repelled,  indicating  that  it  is  charged  with  the  same 
^Idof  electricity  as  the  sealing-wax -that  is,  with  negative  electricity  ;  while 
iciled  seallng'Wax  is   brought  near  the  other  ball  it  w\\\  bt  MVCTicwiy 
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showing  that  it  is  charged  with  positive  electricity.     If,  further,  a  glass  rod 
excited  by  friction  with  silk,  and  therefore  charged  with  positive  electricity, 
be  approached  to  the  end  nearest  the  conductor,  the  pendulum  «ill  be 
attracted  ;  while  if  brought  near  the  other  end,  the  corresponding  pendulum 
will  be  repelled.     If  the  influence  of  the  charged  conductor  be  suppressed, 
either  by  removing  it,  or  placing  it  in  communication  with  the  ground,  the 
separated  electricities  will  recombine,  and  the  pendulums  exhibit  no  diver- 
gence, i 
The  cause  of  this  phenomenon  is  obviously  a  decomposition  of  the  neutral          1 
electricity  of  the  cylinder,  by  the  free  positive  electricity  of  the  conductor; 
the  opposite  or  negative  electricity  being  attracted  to  that  end  of  the  cylinder 
nearest  the  conductor,  while  the  similar  electricity  is  repelled  to  the  other 
end.     Between  these  two   extremities   there  is  a  space  destitute  of  free 
electricity.     This  is  seen  by  arranging  on  the  c>'linders  a  series  of  pairs  of 
pith  balls  suspended    by  threads.     The  divergence  is  greatest  at  each 
extremity,  and  there  is  a  line  at  which  there  is  no  divergence  at  all,  which  is 
called  the  neutral  line.     The  two  fluids,  although  equal  in  quantity,  are  not 
distributed  over  the  cylinder  in  a  symmetrical  manner ;  the  attraction  which 
accumulates   the  negative  electricity  at  one  end  is,  in   consequence  of 
the  greater  nearness,  greater  than  the  repulsion  which  drives  the  positive 
electricity  to  the  other  end,  and  hence  the  neutral  line  is  nearer  one  end  thao 
the  other.     Nor  is  the  electricity  induced  at  the  two  ends  of  the  c>'lindc^ 
under  the  same  conditions.    That  which  is  repelled  to  the  distant  extremity 
is  free  to  escape  if  a  communication  be  made  with  the  ground ;  whilst,  o^ 
the  other  hand,  the  unlike  electricity  which  is  attracted  is  held  bound  ^^ 
captive  by  the  inducing  action  of  the  electrified  body.     Even  if  contact  l>* 
made  with  the  ground  on  the  face  of  the  cylinder  adjacent  to  the  inducir** 
body,  the  electricity  induced  on  that  face  will  not  escape.     The  repell^ 
electricity,  however,  on  the  distant  surface  is  not  thus  bound  ;  it  is  free  ^ 
escape  by  any  conducting  channel,  and  hence  will  immediately  disappc^^, 
wherever  contact  be  made  between  the  ground  and  the  cylinder.    Both  the  pit- 
balls  will  collapse,  and  all  signs  of  electricity  on  the  cylinder  depart  with  tK^. 
escape  of  the  repelled  or  free  electricity.     But  now,  if  communication  wit:- 
the  ground  be  broken,  and  the  inducing  body  be  discharged  or  removed  to          1 
considerable  distance,  the  attracted  or  bound  electricity  is  itself  set  free,  an          . 
diffusing  over  the  whole  cylinder  causes  the  pith  balls  again  to  diverge,  bu^-^"^^ 
now  with  the  opposite  electricity  to  that  of  the  original  inducing  body.    Th 
reason   for  the  escape   of  the   repelled  electricity  is   as   follows  : — If  th 
cylinder  be  placed  in  connection  with  the  ground,  by  metallic  contact  wit 
the  posterior  extremity,  and  the   charged   conductor  be  still  placed  nea- 
the  anterior  extremity,  the  conductor  will  exert  its  inductive  action  as  befo 
But  it  is  now  no  longer  the  conductor  alone  which  is  influenced.     It  is 
conductor  consisting  of  the  conductor  itself,  the  metallic  wire,  and  thewhol^         5 
earth.     The  neutral  line  will  recede  indefinitely,  and,  since  the  conductor  ha^^. 
become  inlinite,  the  quantity  of  neutral  fluid  decomposed  will  be  increased. 
Hence,  when  the  posterior  extremity  is  placed  in  contact  with  the  ground*^ 
the  pendulum  at  the  anterior  extremity  diverges  more  widely.     If  the  con^ 
necting  rod  be  now  removed,  neither  the  quantity  nor  the  distribution  wil^     ^/ 
be  altered  ;  and  if  the  conductor  be  removed,  or  be  discharged,  a  charge  o 
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negative  electricity  will  be  left  on  the  cylinder.  It  will,  in  fact,  remain 
charged  with  electricity,  the  opposite  of  that  of  the  charged  conductor.  Even 
if,  instead  of  connecting  the  posterior  extremity  of  the  cylinder  with  the 
ground,  any  other  part  had  been  so  connected,  the  general  result  would  have 
been  the  same.  All  the  parts  of  the  cylinder  would  be  charged  with  nega- 
tive electricity,  and,  on  interrupting  the  communication  with  the  earth,  would 
remain  so  charged. 

Thus  a  body  can  be  charged  with  electricity  by  induction  as  well  as  by 
conduction.  But,  in  the  latter  case,  the  charging  body  loses  part  of  its 
electricity,  which  remains  unchanged  in  the  former  case.  The  electricity 
imparted  by  conduction  is  of  the  same  kind  as  that  of  the  electrified 
body«  while  that  excited  by  induction  is  of  the  opposite  kind.  To  impart 
electricity  by  conduction,  the  body 
most  be  quite  insulated  ;  while  in  the 
case  of  induction  it  must  be  in  con- 
nection with  the  earth — at  all  events 
momentarily. 

A  body  electrified  by  induction 
acts  in  turn  on  bodies  placed  near  it, 
separating  the  two  fluids  in  a  manner 
ihown  by  the  signs  on  the  sphere. 

What  has  here  been  said  has  re- 
ference to  the  inductive  action  exerted 
Mn  good  conductors.  Bad  conductors 
u^  not  so  easily  acted  upon  by  in- 
duction, owing  to  the  great  resist- 
Uice  they  present  to  the  circulation 
t>f  electricity ;  but,  when  once  charged, 
the  electric  state  is  more  permanent. 
This  is  analogous  to  what  is 
Viet  with  in  magnetism  ;  a  magnet 
nstantaneously  magnetises  a  piece  of 
*oft  iron,  but  this  is  only  temporary, 
Uid  depends  on  the  continuance  of 

^e  action  of  the  magnet ;   a  magnet  magnetises  steel  with  far  greater 
difficulty,  but  this  magnetisation  is  permanent. 

The  fundamental  phenomena  of  induction  may  be  conveniently  investi- 
S^ted  and  demonstrated  by  means  of  the  apparatus  represented  in  figure 
^19,  which  consists  of  a  narrow  cylindrical  brass  tube  BA  supported  by  an 
'^^ulating  glass  handle,  and  held  over  the  excited  cake  of  an  electrophorus 

>52). 

745.  Vftimdaj**  ezperiments. — The  following  experiments  of  Faraday, 
^'H>wn  as  the  *  ice  pail  experiments,'  are  excellent  illustrations  of  the  operation 
^  induction,  and  are  of  great  theoretical  importance  : — 

A  carefully  insulated  metal  cylinder.  A,  fig.  620,  is  connected  by  a  wire 
^th  an  electroscope  E,  at  some  distance.  On  placing  inside  the  cylinder 
**^  insulated  brass  ball  C,  which  is  small  in  comparison  with  the  size  of  the 
^linder  charged  with  positive  electricity,  the  leaves  of  the  electroscope 
Qiverge  with  positive  electricity,  and  the  divergence  increases  uulvV  ^  cttVusD 


Fig.  619. 
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depth  is  attained,  when  there  is  no  further  increase.    The  divergence  now 
remains  constant,  whatever  be  the  position  of  the  ball,  even  when  it  touches 

the  cyhnder.  On  withdrawing  the  ball  it 
is  found  to  be  perfectly  discharged. 
Hence  the  charge  on  the  surface  is  equal 
to  that  which  the  ball  had  originally. 

If  while  the  ball  with  its  original  chai^ 
is  inside  the  cylinder  the  outside  of  the 
cylinder  is  touched  with  the  finger,  the 
leaves  of  the  electroscope  collapse,  and 
whatever  be  the  position  of  the  ball  inside 
the  cylinder,  even  if  it  touches  the  sides, 
the  electroscope  does  not  alter.    If,  bow- 
ever,  after  touching  the  outside  with  the 
finger  the  ball  is  removed  without  having 
touched  the  sides,  the  gold  leaves  wiU 
again  diverge  to  the  same  extent  as  be- 
fore, but  the  electricity  will  now  be  found 
to  be  of  the  opposite  kind. 

It  follows  from  this  experiment  that 
the  quantity  of  electricity  pnKluced  by 
induction  is  equal  to  that  of  the  inducing  body.  In  ordinar>'  cases  the 
charge  induced  is  less  ;  but  this  arises  from  the  fact  that  all  the  bodies  on 

which  the  induction  is  exerted  are 
not  taken  into  account. 

Four  such  cylinders,  fig.  62i» 
are  placed  concentrically  within 
each  other,  and  are  insulated  from 
each  other  by  discs  of  shellac, 
and  the  outer  one  is  connected 
with  the  electroscope.  On  intro- 
ducing the  charged  ball  into  the 
central  cavity  the  leaves  diverge 
just  as  if  the  intermediate  ones 
did  not  exist.  Each  of  these  is  charged  with  equal  quantities  of  opposite 
electricities,  all  equal  in  value  to  that  of  the  sphere.  The  internal  charge  of 
the  cylinder  is  the  same  as  if  all  the  intermediate  cylinders  were  suppressed, 
and  the  charge  does  not  vary  even  when  the  intermediate  ones  are  connected 
with  each  other  or  are  touched  by  the  electrified  ball  C. 

If,  while  C  is  in  its  original  condition,  the  internal  cylinder,  4,  is  con- 
nected with  the  ground,  the  leaves  collapse,  and  the  other  c>'linders  are '" 
the  neutral  state ;  the  two  layers  which  remain,  positive  on  C,  and  negati^'^ 
on  the  adjacent  cylinder,  are  without  action  on  an  external  point.  If  ^'^• 
other  cylinder  be  thus  treated  the  external  ones  are  reduced  to  the  neutral 
state. 

746.  Urnit  to  tbe  action  of  induction. — The  inductive  action  which  ^J^ 
electrified  body  exerts  on  an  adjacent  body  in  decomposing  its  neutral  fi"'" 
is  limited.  On  the  surface  of  the  insulated  cylinder,  which  we  have  c<!i^' 
s'ldtx^di  in  the  prccedin*^  parai;^raph,  let  there  be  at  n  any  small  quantity  0' 
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neutral  electricity  (fig.  622).  The  positive  electricity  of  the  source  w  first 
decomposes  by  induction  the  neutral  electricity  in  fty  attracting  its  negative 
towards  A,  and  repelling  its  positive  towards  B  ;  but  in  the  degree  in  which 
the  extremity  A  becomes  charged  with  negative  electricity,  and  the  extre- 
mity B  with  positive  electricity,  there  are  developed  at  A  and  B  two  forces, 
ftmd  y,  which  act  in  the  opposite  direction  to  the  original  force.  For  the 
forces  y  and  f  concur  in  driving  towards  B  the  negative  fluid  of  ft,  and 
towards  A  its  positive  fluid.  But  as  the  inducing  force  F  which  is  exerted 
at  ipf  is  constant,  while  the  forces  /  and  /'  are  increasing,  a  time  arrives  at 
irhich  the  force  F  is  balanced  by  the  forces  /  and  /\  All  decomposition  of 
Jie  neutral  condition  then  ceases  ;  the  inducing  action  has  attained  its 
imit. 

If  the  cylinder  be  removed  from  the  source  of  electricity,  as  the  inducing 
iction  decreases,  a  portion  of  the  free  electricities  at  A  and  at  B  recombine 
o  form  the  neutral  fluid.  If,  on  the  other  hand,  they  are  brought  nearer,  as 
he  force  F  now  exceeds  the  forces  /  and  /',  a  new  decomposition  of  the 
leutral  fluid  takes  place,  and  fresh  quantities  of  positive  and  negative  elec- 
ricities  are  respectively  accumulated  at  A  and  B. 

J' -^ 
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747.  Varadaj^s  tbeory  of  Indnetion. — Hitherto  any  possible  influence 
>f  the  medium  which  separates  the  electrified  from  the  unelectrified  body  in 
he  case  of  induction  has  been  disregarded.  It  has  been  tacitly  assumed 
hat  electrical  actions  are  exerted  at  a  distance,  and  the  medium  has  been 
ooked  upon  as  an  inert  mass  through  which  the  forces  can  act,  but  which 
itself  is  destitute  of  any  active  properties.  The  researches  of  Faraday,  how- 
ever, prove  that  this  is  not  the  case  ;  that  the  medium  is  of  fundamental  im- 
portance, and  that  the  action  is  not  an  action  at  a  distance,  or  at  any  rate 
at  no  greater  distance  than  that  between  any  two  molecules. 

According  to  Faraday's  views  conductors  are  in  a  certain  sense  qualita- 
tively different  from  non-conductors.  He  looked  upon  a  non-conductor  as 
Consisting  of  a  number  of  molecules  which  may  be  spherical,  and  which  are 
fthsolute  conductors,  and  are  disseminated  in  a  non-conducting  medium. 
The  action  of  an  electrified  body  is  either  to  separate  the  electricities  within 
the  molecule  and  arrange  them  in  a  polar  chain,  or  to  impart  to  the  mole- 
cules which  are  themselves  polarised  at  the  outset  a  definite  polar  arrange- 
*nent  ;  those  ends  of  the  molecule  which  face  the  inducing  body  having  elec- 
tricity of  the  opposite  kind,  and  those  which  are  turned  away  from  it  having 
electricity  of  the  same  kind.  In  the  interior  of  the  medium,  where  suc- 
cessively the  positive  end  of  one  molecule  faces  the  negative  end  of  the 
*^ext,  the  two  electricities  neutralise  each  other  ;  but  where  the  non-con- 
ductor  is  bounded  by  a  conductor,  the  free  electrification  is  no  longer  neu- 
tralised, but  constitutes  the  change  which  is  perceived.  The  action  is  there- 
fore analogous  to  that  of  the  pole  of  a  magnet  on  a  piece  of  soft  iron  ;  aud 
Faraday  called  it  dielectric  polarisation. 


Friciional  Ekctricity 


PIT- 


The  following  experiment  was  devised  by  Faraday  to  illiutrate  tbii 
pelarisalioH  of  the  medium,  as  he  called  it.  He  placed  small  filaments  of 
silk  in  a  vessel  of  turpentine  ;  and,  having  plunged  two  conductors  in  the 
liquid  in  opposite  sides,  he  charged  one  and  placed  the  other  in  connection 
with  the  ground.  The  particles  of  silk  itnmedialely  arranged  themielvei 
end  to  end,  and  adhered  closely  together,  forming  a  continuous  chain  between 
the  two  sides.  An  experiment  by  Matteucci  also  supports  Faraday's  tbeoi)'. 
He  placed  several  thin  plates  of  mica  closely  together,  and  provided  the 
outside  ones  with  metallic  coatings,  like  a  fulminating  pane  (769).  Having 
electrified  the  system,  the  coatinf^  were  removed  by  insulating  handles,  and 
on  examining  the  plates  of  mica  successively,  each  was  found  charged  with 
positive  electricity  on  one  side,  and  negative  electricity  on  the  other. 

748.  apAdSo  indootlTtt  oKyMrtty. — Faraday  named  the  property  which 
bodies  have  of  tiansmiiting  electrical  induction,  the  tpecific  indndht 
capaa'ty,  or,  as  it  is  often  called,  the  inductive p&wer.  If  the  dielectric  does 
play  the  essential  part  in  the  phenomena  of  induction  it  is  not  likely  that  *ll 
insulating  bodies  possess  it  in  the  same  degree.  This  seems  to  have  beco 
known  to  Cavendish.  To  determine  and  compare  the  inductive  power  Fsra- 
d;iy  used  the  apparatus  represented  in  fig.  623,  and  of  which  fig.  624  represenls 
a  vertical  section.     It  consists  of  a  brass  sphere  made  up  of  two  halves,  P 


^■^  ^»m^,  '^^^ 


and  Q,  which  fit  accurately  into  each  other,  like  the  Magdeburg  I^^'J^l 
spheres.  In  the  interior  ol  this  spherical  envelope  there  is  a  smaller  br#^^ 
sphere  C,  connected  with  a  metal  rod,  terminating  in  a  ball  B.  The  rod  ^ 
insulated  from  the  envelope  PQ  by  a  thick  layer  of  shellac  A.  The  sp»^ 
M/t  receives  the  substance  whose  inductive  power  is  to  be  determin^^ 
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ie  foot  of  the  apparatus  is  provided  with  a  screw  and  stopcock,  so  that  it 
n  be  screwed  on  the  air-pump,  and  the  air  in  mn  either  rarefied  or 
hansted. 

Two  such  apparatus  perfectly  identical  are  used,  and  at  first  they  only 
ntain  air.  The  envelopes  PQ  are  connected  with  the  ground,  and  the 
ob  B  of  one  of  them  receives  a  charge  of  electricity.  The  sphere  C  thus 
comes  charged  like  the  inner  coating  of  a  Leyden  jar  (770).  The  layer  mn 
presents  the  insulator  which  separates  the  two  coatings.  By  touching  B 
th  the  proof  plane,  which  is  then  applied  to  the  torsion  balance,  the  quantity 
free  electricity  is  measured.  In  one  experiment  Faraday  observed  a 
rsion  of  250**,  which  represented  the  free  electricity  on  B.  The  knob  B 
IS  then  placed  in  metallic  connection  with  the  knob  B^  of  the  other  appa- 
tus,  and  the  torsion  was  now  found  to  be  125^,  showing  that  the  electricity 
d  become  equally  distributed  on  the  two  spheres,  as  might  have  been 
ticipated,  since  the  pieces  of  apparatus  were  quite  equal,  and  each  contained 
-  in  the  space  mn. 

This  experiment  having  been  made,  the  space  mn  in  the  second  appa- 
tus  was  filled  with  the  substance  whose  inductive  power  was  to  be  deter- 
ined :  for  example,  shellac.  The  other  apparatus,  in  which  mn  is  filled 
th  air,  having  been  charged,  the  density  of  the  free  electricity  on  C  was 
easured.  Let  it  be  taken  at  290^,  the  number  observed  by  Faraday  in  a 
ecial  case.  When  the  knob  B  of  the  first  apparatus  was  connected  with 
e  knob  B'  of  the  second,  the  density  was  not  found  to  be  145^,  as  would 
i  expected.  The  apparatus  containing  air  exhibited  a  density  of  114^,  and 
at  with  shellac  of  1 13®.  Hence  the  former  had  lost  176°,  and  had  retained 
4%  while  the  latter  ought  to  have  exhibited  a  density  of  176**  instead  of  1 13°. 
he  second  apparatus  had  taken  more  than  half  the  charge,  and  hence  a 
rgcr  quantity  of  electricity  had  been  condensed  by  the  shellac.  Of  the 
ital  quantity  of  electricity,  the  shellac  had  taken  176**,  and  the  air  114** ; 
ence  the  specific  inductive  capacity  of  air  is  to  that  of  shellac  as  114  :  176  ; 
r  as  I  :  1*55.  That  is,  the  inductive  power  of  shellac  is  more  than  half  as 
reat  again  as  air. 

By  the  following  simple  experiment  the  influence  of  the  dielectric  may  be 
iiown  : — At  a  fixed  distance  above  a  gold-leaf  electroscope  let  an  electrified 
;>here  be  placed,  by  which  a  certain  divergence  of  the  leaves  is  produced. 
r,  now,  the  charges  remaining  the  same,  a  disc  of  sulphur  or  of  shellac  be 
iterposcd,  the  divergence  increases,  showing  that  inductive  action  takes 
lace  through  the  sulphur  to  a  greater  extent  than  through  a  layer  of  air  of 
:ie  same  thickness. 

By  various  methods,  the  following  numbers  have  been  obtained  for  the 
pecific  inductive  capacity  of  dielectrics^  as  they  are  called,  in  opposition  to 
nelectricsy  or  conductors  : — 


Paraffine  .  .  .  .1*98 
India-rubber  ....  2*22 
Gutta-percha  .        .        .        .2*46 


Ht I'oo 

»lass 1*90 

Sulphur 2-58 

Shellac 274 

These  values  are  known  as  the  dielectric  constants ;  and  their  determination 
^resents  considerable  difficulty,  owing  to  the  occurrence  of  a  ph^Tvotcvi^tioti  \a 


« 


^D 

n 

1-96 

2-04 

1-59 

1-54 

152 

1*53 
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which  Faraday  gave  the  name  of  electrical  absorption^  and  which  is  due  to 

the  same  cause  as  the  residual  charge  of  condensers.  ' 

Boltzmann  divides  dielectrics  into  two  classes  :  to  one  of  which  belong 
shellac,  paraffine,  sulphur,  and  resin,  which  act  like  perfect  insulators ;  that  '  ^ 

is,  that  in  using  them  the  maximum  charge  is  attained,  if  not  instantaneously,         \ 
at  all  events  after  a  very  short  time  :  in  others,  such  as  gutta-percha,  stcarine, 
and  glass,  the  charge  increases  appreciably  with  the  time. 

A  ver>'  curious  relation  probably  exists  between  the  dielectric  constant 
and  the  refractive  index  of  certain  substances.  Thus  the  following  numbers 
have  been  found  : — 

D  "~ 

Sulphur 3*84 

Resin 2-55 

Paraffine 232 

where  n  is  the  refractive  mdex  (538),  and  >,/U  the  square  root  of  the  dielec- 
tric constant. 

Faraday  was  not  able  to  detect  any  difference  in  the  dielectric  constants 
of  various  gases.  Boltzmann  has  shown,  however,  that  there  are  differences 
amonjT^  them,  and  that  there  is  a  very  close  agreement  between  the  square  root 
of  their  dielectric  constant  and  their  refractive  index,  thus  : — 

Air  100059  1*000295  1*000294 

Carbonic  acid  .  ickx>95  1*000473  1*000449 

Hydrogen      .  .  100026  1000132  1*000138 

Olefiant  gas  .  .  100131  1*000656  1*000678 

The  accurate  determination  of  the  dielectric  constant  is  a  matter  of  grc^^ 
theoretical  importance,  especially  from  its  bearing  on  Maxwell's  electro-m3.S' 
netic  theory  of  light.     According  to  this  theory  the  medium  in  which  lK>^" 
electrical  and  luminous  actions  are  transmitted  is  the  same,  and  is  the  eth*^^ 
(637) ;  and  it  is  a  necessary  consequence  of  this  theory  that  the  above  rel-*^' 
tion  must  exist  between  the  refractive  index  of  a  substance  and  itsdiel^^^' 
trie  constant. 

749.  Cominanleation  of  electricity  at  a  distance. — In  the  experim^  "^ 
represented  in  fig.   622  the  opposite  electricities  of  the  conductor  and  ih*  ^ 
of  the  separated  cylinder  tend  to  unite,  but  are  prevented  by  the  resistaa 
of  the  air.     If  the  density  is  increased,  or  if  the  distance  of  the  bodies 
diminished,  the  opposed  electricities  at  length  overcome  this  obstacle  ;  th^^^ 
rush  together  and   combine,  producing  a  spark,  accompanied  by  a  sha 
sound.     The  negative  electricity  separated  on  the  cylinder,  being  thus  ne 
tralised  by  the  positive  electricity  of  the  charged  body,  a  charge  of  positi 
electricity  remains  on  the  cylinder.     The   same  phenomenon  is  obsen'i 
when  a  finger  is  presented  to  a  strongly  electrified  conductor.     The  latt 
decomposes  by  induction  the  neutral  electricity  of  the  body,  the  opposi 
electricities  combine  with  the  production  of  a  spark,  while  the  electricity 
the  same  kind  as  the  electrified  conductor,  which  is  left  on  the  body,  pass 
off  into  the  ground. 

The  striking  distance  varies  with  the  density,  the  shape  of  the  bodies 
their  conducting  power,  and  with  the  resistance  and  pressure  of  the  inter 
posed  medium. 


t 
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750.  MotioB  of  eleetrilled  bodies. — The  various  phenomena  of  attrac- 
ion  and  repulsion,  which  are  among  the  most  frequent  manifestations  of 
electrical  action,  may  all  be  explained  by  means  of  the 

aws  of  induction.     If  M  (fig.  625)  be  a  fixed  insulated  ^ 

t>nductor  charged  with  positive  electricity,  and  N  be     y^     v. 
;  movable  insulated  body — for  instance,  an  electrical  /  \      ^^^^ 

lendulum — there  are  three  cases  to  be  considered  : —   (  t  *V     7^ 

L   The  movable  body  is  unelectrified  and  is  a  con-  V  /      ^-^ 

hector, — In   this  case   M,  acting  inductively  on   N,    ^^ \ 

ttracts  the  negative  and  repels  the  positive  electricity,  ^*  ^5* 

o  that  the  maxima  of  density  are  respectively  at  the  points  a  and  b.  Now 
:  is  nearer  c  than  it  is  to  ^  ;  and,  since  attractions  and  repulsions  are  in- 
ersely  as  the  square  of  the  distance,  the  attraction  between  a  and  c  is 
Teater  than  the  repulsion  between  b  and  c\  and,  therefore,  N  will  be 
ttracted  to  M  by  a  force  equal  to  the  excess  of  the  attractive  over  the 
epulsive  force. 

ii.  The  movable  body  is  a  conductor  and  is  electrified, — If  the  electricity 
€  the  movable  body  is  different  from  that  of  the  fixed  body,  there  is  always 
ttraction  ;  but  if  they  are  of  the  same  kind,  there  is  at  first  repulsion  and 
Iterwards  attraction.  This  anomaly  may  be  thus  explained  :  Besides  its 
harg^e  of  electricity,  the  movable  body  contains  a  neutral  fluid  This  is 
.ecomposed  by  the  induction  of  the  positive  fluid  on  M  ;  and  consequently 
be  hemisphere  b  obtains  an  additional  supply  of  positive  electricity,  while  a 
tecomes  charged  with  negative  electricity.  There  is  thus  attraction  and 
epulsion,  as  in  the  foregomg  case.  The  force  of  repulsion  is  at  first  greater, 
iccause  the  quantity  of  positive  electricity  on  N  is  greater  than  that  of 
kegative  ;  but  as  the  distance  (u  diminishes,  the  attractive  force  increases 
Qore  rapidly  than  the  repulsive  force,  and  finally  exceeds  it. 

iii.  The  fnovable  body  is  a  bad  conductor, — If  N  is  charged,  repulsion  or 
ittraction  takes  place,  according  as  the  electricity  is  of  the  same  or  opposite 
^ind  to  that  of  the  fixed  body.  If  it  is  in  the  natural  state,  the  body  M  will 
lecompose  the  neutral  fluid  of  N,  and  attraction  will  take  place  as  in  the 
irst  case,  since  a  powerful  and  permanent  source  of  electricity  can  more  or 
ess  decompose  the  neutral  fluid  even  of  bad  conductors. 

751.  CN>ld-leaf  eleotrosoope. — The  name  electroscope  is  given  to  instru- 
nents  for  detecting  the  presence  and  determining  the  kind  of  electricity  in 
uny  body.  The  original  pith-ball  pendulum  is  an  electroscope  ;  but,  though 
K^metimes  convenient,  it  is  not  sufficiently  delicate.  Many  successive  im- 
(>rovements  have  been  made  in  it,  and  have  resulted  m  the  form  now  gene- 
'^ly  used,  which  is  due  to  Bennett. 

Bennett* s^  or  the  gold-leaf  electroscope, — This  consists  of  a  tubulated  glass 
shade  B  (fig.  626),  standing  on  a  metal  foot,  which  thus  communicates  with 
the  ground.  A  metal  rod  terminating  at  its  upper  extremity  in  a  knob  C, 
*nd  holding  at  its  lower  end  two  narrow  strips  of  gold-leaf,  ;/  «,  fits  in  the 
^ubulure  of  the  shade,  the  neck  of  which  is  coated  with  an  insulating 
Varnish.  The  air  in  the  interior  is  dried  by  quicklime,  or  by  chloride  of 
calcium,  and  on  the  insides  of  the  shade  there  are  two  strips  of  gold-leaf 
«>  communicating  with  the  ground. 

When  the  knob  is  touched  with  a  body  charged  with  either  kind  < 
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electricity,  the  leaves  diverge  ;  usually,  however,  the  apparatiu  i»  cbaiK«l 
by  induction  thus  :'— 

If  an  electrified  body— a  stick  of 
sealing-wax,  for  example — be  bropght 
near  the  knob,  it  will  decompose  the 
neutral  electricity  of  the  system,  at- 
tracting to  the  knob  the  electricity  of 
the  opposite  kind,  and  retaining  it 
there,  and  repelling  the  electricJiy  of 
the  same  kind  to  the  gold  leaves, 
which  consequently  diverge.  In  (his 
way  the  presence  of  an  electrical 
charge  is  ascertained,  but  not  iis 
quality. 

To  ascertain  the  kind  of  electricity 
the  following  method  is  pursued  ;— 'f 
while  the  instrument  is  under  the  in- 
fluence of  the  body  A,  which  we  wil' 
suppose  has  a  negative  chaiijt,  the 
knob  be  touched  by  the  finger,  th* 
negative  electricity  decomposed  by  induction  passes  off  into  the  ground,  isA 
the  previously  diveigent  leaves  will  collapse;  there  only  remains  posiw* 
electricity,  retained  in  the  knob  by  induction  from  A.  If  now  the  finger  bt 
first  removed,  and  then  the  electrified  body,  the  positive  electricity  en- 
viously retained  by  A  will  spread  over  the  system,  and  cause  the  leaves  to 
diverge.  If  now,  while  the  system  is  charged  with  positive  electricilyi* 
positively  electrified  body — as,  for  example,  an  excited  brass  rod— be  sp" 
proached,  the  leaves  will  diverge  more  widely  ;  for  the  electricity  of  the  saw* 
kind  will  be  repelled  to  the  extremities.  If,  on  the  contrary,  an  exciiw 
shellac  rod  be  presented,  the  leaves  will  tend  to  collapse,  the  elearirity 
with  which  they  are  chaiged  being  attracted  by  the  opposite  electririt)'' 
Hence  we  may  ascertain  the  kind  of  electricity,  either  by  imparting  " 
the  electroscope  electricity  from  the  body  under  examination,  and  il"" 
bringing  near  it  a  rod  charged  with  positive  or  negative  electricity  ;  or  tw 
electroscope  may  be  charged  with  a  known  kind  of  electricity,  and  iheel*'^ 
trified  body  in  ([uestion  brought  near  the  electroscope. 

It  has  been  proposed  to  use  the  gold-leaf  electroscope  as  an  eleclromflf-' 
or  measurer  of  electricity,  by  measuring  the  angle  of  divergence  of  IM 
leaves  ;  this  is  done  by  placing  behind  them  a  graduated  scale ;  for  small 
angles  the  quantity  of  electricity  is  nearly  proportional  to  the  sine  of  half'"' 
angle  of  divergence.  There  are,  however,  objections  to  such  a  use,  and  ibe 
electroscope  is  rarely  employed  for  this  purpose. 

ELECTRICAL  MACHINES. 

752.  neotropbonu.— It  will  now  be  convenient  to  describe  the  various 
electrical  machines,  or  apparatus  for  generating  and  collecting  large  suppl'^ 
of  statical  electricity.  One  of  the  most  simple  and  inexpensive  of  ih*'*  JJ 
the  elecfrophorus,  which  was  invented  by  \'oUa.  It  consists  of  a  flii<  f 
resin  B  (fig.  628),  say  about  13  inches  in  diameter,  and  an  inch  thick,  which  i' 
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laced  on  a.  metallic  surface,  or  frequently  (its  into  a  wooden  mould  lined 
itb  tinfoil,  which  is  called  thc/orm.  Besides  this  there  is  a  itietal  disc  A 
ig.  628},  of  a  diameter  somewhat  less  than  thai  of  the  cake,  and  provided 
ilh  an  insulating  glass  handle ;  this  is  the  ftw^r.     The  mode  of  working  is 


t  follows  :^AI1  the  parts  of  the  apparatus  having  been  well  warmed,  [he 
ike,  which  is  placed  in  the  form,  or  rests  on  a  metal  surface,  is  briskly 
kpped  with  silk,  or,  better,  with  catskin,  by  which  it  becomes  charged  with 
egative  elearicity.  The  cover  is  then  placed  on  the  cake.  Owing,  how- 
'ni,  to  the  minute  rugosities  of  the  surface  of  the  resin,  the  cover  only 
Dines  in  contact  with  a  few  points,  and,  from  the  non-conduelivity  of  the 
(sin,  the  negative  eleciriciiy  of  the  cake  does  not  pass  off  to  the  cover. 
)n  ihc  contrary,  it  acts  by  induction  on  the  neutral  electricity  of  the  cover, 
tid  decomposes  it,  attracting  the  positive  electricity  to  the  under  surface, 
Wl  repelling  the  negative  electricity  to  the  upper.  If  the  upper  surface  be 
Mv  touched  with  the  finger,  the  negative  electricity,  because  repelled  and 
tte,  passes  off,  and  the  cover  remains  charged  with  positive  electricity, 
■eld,  however,  by  the  negative  electricity  of  the  cake  ;  the  two  electricities 
k  not  imite,  in  conseijuence  of  the  nonconductivity  of  the  cake  (lig.  637). 
Know  the  cover  be  raised  by  its  insulating  handle,  the  charge  diffuses  itself 
***rihe  surface  ;  and  if  a  conductor  be  brought  near  it  (fig.  618),  a  smart 
^ttrtt  passes. 

The  metallic  '  form '  on  which  the  cake  rests  plays  an  important  part  in  the 
*ctlon  of  the  elect rophorus,  as  it  increases  the  quantity  of  electricity,  and 
**kes  it  more  permanent.  For  the  negative  electricity  of  the  upper  surface 
"'ibe  resin,  acting  inductively  on  the  neutral  electricity  of  the  lower,dccom- 
Pw«  il,  retaining  on  the  under  surface  the  positive  electricity,  while  the 
"Native  electricity  passes  offinto  the  ground.  The  positive  electricity  thus 
■Wveloped  on  the  under  surface  reacts  on  the  negative  electricity  of  the  upper 
Jl^face,  binding  it,  and  causing  it  to  penetrate  into  the  badly  conductln 
'  e  surface  of  which  fresh  quaniiiies  of  electtkilv  caT\  \«i  «:.tAi; 
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far  beyond  the  limits  possible  without  the  action  of  the  form.     It  is  for  this 
reason  that  the  electrophorus,  once  charged,  retains  its  state  for  a  consider- 
able time,  and  sparks  can  be  taken  even  after  a  long  interval.     If  the '  form ' 
be  insulated,  the  charge  obtained  from  it  is  far  less  than  if  it  is  on  a  con- 
ducting support.     For  the  negative  electricity  developed  by  induction  on  the^ 
lower  surface  being  now  unable  to  escape,  the  condensing  action  referred  tc::; 
cannot  take  place,  and  only  a  feeble  charge  can  be  given  to  the  resin.    Th^ 
retention  of  electricity  is  greatly  promoted  by  keeping  the  cake  on  the '  form 
and  placing  the  cover   upon  it,  by  which  the  access  of  air  is  hinderec:::^ 
Instead  of  a  cake  of  resin,  a  disc  of  gutta-percha,  or  vulcanised  cloth,  c^::::^ 
vulcanite   may  be   substituted ;  and,  of  course,  if  glass,  or  any  materi    .^ 
which   is  positively  electrified  by  friction,  be  used,  the  cover  acquires        ^ 
negative  charge. 

The  electrophorus  is  a  good  instance  of  the  conversion  of  work  ir^  to 
elect ropotential  energy  (63).    When  the  cover  is  lifted  from  the  excited  ca.lce 
work  must  be  expended  in  order  to  overcome  the  attraction  of  the  electricr  ity 
in  the  cake  for  the  opposite  electricity  developed  by  induction  on  the  cover; 
and  the  equivalent  of  this  work  appears  in  the  form  of  the  electricity  tlius 
detached.     Thus,  when  a  Leyden  jar  is  charged  either  by  the  machine  or  by 
the  electrophorus,  the  energy  of  the  charge  is  a  transformation  of  the  work 
of  the  operator. 

753.  Plate  electrical  maohine. — The  first  electrical  machine  was  in- 
vented by  Otto  von  Guericke,  the  inventor  also  of  the  air-pump.  It  con- 
sisted of  a  sphere  of  sulphur,  which  was  turned  on  an  axis  by  means  of  the 
hand,  while  the  other,  pressing  against  it,  served  as  a  rubber.  Resin  was 
afterwards  substituted  for  the  sulphur,  which,  in  turn,  Hawksbee  replaced 
by  a  glass  cylinder.  In  all  these  cases  the  hand  served  as  rubber;  a"^ 
Winckler,  in  1740,  first  introduced  cushions  of  horsehair,  covered  with  silk, 
ris  rubbers.  At  the  same  time  Bose  collected  electricity,  disengaged  by 
friction,  on  an  insulated  cylinder  of  tin  plate.  Lastly,  Ramsden,  in  17^^' 
replaced  the  glass  cylinder  by  a  circular  glass  plate,  which  was  rubbed  by 
cushions.  The  form  which  the  machine  has  now  is  but  a  modification  of 
Kamsden's  original  machine. 

Between  two  wooden  supports  (fig.  629)  a  circular  glass  plate  P  is  sus- 
pended by  an  axis  passing  through  the  centre,  and  which  is  turned  by  means 
of  a  handle  M.  The  plate  revolves  between  two  sets  of  cushions  or  ruhht^^ 
K,  of  leather  or  of  silk,  one  set  above  the  axis  and  one  below,  which,  by 
means  of  screws,  can  be  pressed  as  tightly  against  the  glass  as  may  be 
desired.  The  plate  also  passes  between  two  brass  rods,  shaped  like  a  horse- 
shoe, and  provided  with  a  series  of  points  on  the  sides  opposite  the  glass; 
these  rods  are  fixed  to  larger  metallic  cylinders  CC,  which  are  called  the 
prime  conductors.  The  latter  are  insulated  by  being  supported  on  glass  feet? 
and  are  connected  with  each  other  by  a  smaller  rod  r. 

The  action  of  the  machine  is  founded  on  the  excitation  of  electricity  b) 
friction,  and  on  the  action  of  induction.  By  friction  with  the  rubbers,  the 
glass  becomes  positively  and  the  rubbers  negatively  electrified.  If  now  the 
rubbers  were  insulated,  they  would  receive  a  certain  charge  of  negat'^^ 
electricity  which  it  would  be  impossible  to  exceed,  for  the  tendency  of  th<^ 
o]i^o^ii6.  electricities  to  reunite  would  be  equal  to  the  power  of  the  friction  to 
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mnposc  the  neutral  fluid.  But  the  rabbers  communicate  with  the  ground 
means  of  a  chain  ;  and,  consequently,  as  fast  as  the  negative  elecirieily  is 
terated,  ii  is  continually  reduced  to  zero  by  contact  with  the  ground.  The 
lilive  electricity  of  the  glass  acts  then  by  induction  on  the  conductor, 
"acting  the  negative  electricity.  This  negative  electricity  collects  on  the 
nts  opposite  to  the  glass.  Here  its  tendency  to  discharge  becomes  so 
b  that  it  passes  across  the  intervening  space  of  air,  and  neutralises  the 
jtive  electricity  on  the  glass.  The  conductors  thus  lose  their  negative 
:tiicity  and  remain  charged  with   positive  electricity.    The  plate  ac- 


n  fact,  it  only  abstracts 
n  charged,  a  spark  follows, 


ndingly  gives  up  nothing  to  the  prime  eonducK 
m  Ihem  their  negative  electricity. 

If  the  hand  be  brought  near  the  conductor  \v\ 

ich  is  renewed  as  the  machine  is  turned.  In  this  case  the  positiv 
city  decomposes  the  neutral  elecirieily  of  ihe  body,  attracting  its  negative 
mricily,  and  combining  with  il  when  the  two  have  a  sufficient  tension. 
Ills,  with  each  spark,  the  condiicior  rei  erts  to  the  neutral  state,  but  he- 
mes again  eleclrifjed  as  Iho  plale  is  turned, 

754-  VrBHntloiii  In  referenoe  to  tlie  maotalne. — The  glass,  of  H'hich 
B  plite  is  made,  must  be  as  little  hygroscopic  as  possibVc.    Ol\;)\«  t\»«v\V«. 
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as  been  frequently  substituted  for  glass ;  it  has  the  advantage  of  being 
leither  hygroscopic  nor  fragile,  and  of  readily  becoming  electrified  by 
riction.     It  cannot,  however,  be  relied  on,  as  its  surface  in  time  undergoes 
change,  especially  if  exposed  to  the  light,  whereby  it  becomes  a  conductor. 
The  plate  is  usually  from  jV  to  \  of  an  inch  in  thickness,  and  from  20  to 
inches  in  diameter,  though  these  dimensions  are  not  unfrequently  exceed< 

The  rubbers  require  great  care,  both  in  their  construction  and  their  pi 
servation.     They  are   commonly  made  of  leather,  stuffed  with  horsehai~ 
Before  use  they  are  coated  either  wiih  powdered  aurum  musivum  (sulphui 
of  tin),  graphite,  or  amalgam.     The  action  of  these  substances  is  not  vci 

clearly  understood.     Some  consider  that  it  merely  consists  in  promotii \g 

friction.     Others,  again,  believe  that  a  chemical  action  is  produced,  ai id 

assign,  in  support  of  this  view,  the  peculiar  smell  noticed  near  the  rubbc -rs 

when  the  machine  is  worked.  Amalgams,  perhaps,  promote  most  powe=r- 
fuUy  the  disengagement  of  electricity.  Kienmayer^s  amalgam  is  the  b<  >st 
of  them.  It  is  prepared  as  follows  : — One  part  of  zinc  and  one  part  of  IL  in 
are  melted  together  and  removed  from  the  fire,  and  two  parts  of  merci^BK>r>' 
stirred  in.  The  mass  is  transferred  to  a  wooden  box  containing  some  cha  Jk, 
and  then  well  shaken.  The  amalgam,  before  it  is  cold,  is  powdered  in  an  ii^  -^>n 
mortar,  and  preserved  in  a  stoppered  glass  vessel.  For  use  a  little  cacr —  ao 
butter  or  lard  is  spread  over  the  cushion,  some  of  the  powdered  amalgc^^ii" 
sprinkled  over  it,  and  the  surface  smoothed  by  a  ball  of  flattened  leather. 

In  order  to  avoid  a  loss  of  electricity,  two  quadrant-shaped  pieces  of  oiK-  ^^ 
silk  are  fixed  to  the  rubbers,  so  as  to  cover  the  plate  on  both  sides :  one  at  cr  he 
upper  part  from  a  to  F,  and  the  other  in  the  corresponding  part  of  the  lev  ^  y 
rubbers.  These  flaps  are  not  represented  in  the  figure.  Yellow  oiled  sill 
the  best,  and  there  must  be  perfect  contact  between  the  plate  and  the  cU 

Ramsden's  machine,  as  represented  in  fig.  629,  only  gives  positive  el 
tricity.  But  it  may  be  arranged  so  as  to  give  negative  electricity  by  placm^^o 
it  on  a  table  with  insulating  supports.  The  conductor  is  connected  ^^'  "^^^ 
the  ground  by  a  chain,  and  the  machine  worked  as  before.  The  posit  i  ^^ 
electricity  passes  off  by  the  chain  into  the  ground,  while  the  negat  "■-  ^^ 
electricity  remains  on  the  supports  and  on  the  insulated  table.  On  bri^^if" 
ing  the  finger  near  the  uprights,  a  sharper  spark  than  the  ordinar>'  onc^  '' 
obtained. 

755.  Mazimum  of  oliarire. — It  is  impossible  to  exceed  a  certain  lii^'*'^ 
of  electrical  charge  with  the  machine,  whatever  precautions  are  taken,  ^^ 
however  rapidly  the  plate  is  turned.  This  limit  is  attained  when  the  lose^  ^^ 
electricity  equals  its  production.  The  loss  depends  on  three  causes  :  i.  1*^^^ 
loss  by  the  atmosphere,  and  the  moisture  it  contains  ;  this  is  proportional  ^^ 
the  density,  ii.  The  loss  by  the  supports,  iii.  The  recombination  of  tJ^^ 
electricities  of  the  rubbers  and  the  glass. 

The  first  two  causes  have  been  already  mentioned.  With  reference  ^^ 
the  last,  it  must  be  noticed  that  the  electrical  charge  increases  with  tt'^ 
rapidity  of  the  rotation,  until  it  reaches  a  point  at  which  it  overcomes  tl^^ 
resistance  presented  by  the  non-conductivity  of  the  glass.  At  this  point,  •* 
portion  of  the  two  electricities  separated  on  the  rubbers  and  on  the  gl^^ 
recombines,  and  the  charge  remains  constant.  It  is,  therefore,  ultimatW 
mdependent  of  the  rapidity  of  rotation. 
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756.  QDadrant  electromatar. — The  cleclrical  charge  is  roughly 
sured  by  \\\c  guadriint  or  Menkes  eUctromrUr^  which  is  attached  to  the 
ducior.  This  is  a  small  electric  pendulutt),  consisting  of 
a  wooden  rod  */,  to  which  is  attached  an  ivory  or  card- 
board scale  (fig.  630).  In  the  cenlre  of  this  is  fl  small 
whalebone  index,  movable  on  an  axis,  and  terminating 
in  a  pith  bait.  Being  attached  to  the  conductor,  the 
index  diverges  as  the  machine  is  charged,  ceasing  to 
rise  when  the  limit  is  attained.  When  the  rotation  is 
discontinued  the  index  falls  rapidly  if  the  air  is  moist  ; 
but  in  dry  air  it  only  falls  slowly,  showing,  therefore, 
that  the  loss  of  electricity  in  the  laiier  ease  is  less  than 
in  ihe  former, 

757.  OyllBder  Bleotrlma  mKoblne.— The  construc- 
lion  of  the  cylinder  machines,  as  ordinarily  used  in 
England,  is  due  to  Nairne,  They  are  well  adapted 
for  obtaining  either  kind  of  electricity.  In  Nairne's  "^"  """' 
Tnachine  (fig.  631)  the  cylinder  is  rubbed  by  only  one  cushion  C,  which  is 
made  of  leather  stuffed  with  horsehair,  and  is  screwed  to  an  insulated  con- 
ductor A.  On  the  opposite  side  of  the  cylinder  there  is  a  similar  insulated 
conductor  B,  provided  with  a  series  of  points  on  the  sides  next  the  glass. 
To  the  lower  part  of  the  cushion  C  is  attached  a  piece  of  oiled  silk,  which 
extends  over  the  cylinder  to  just  above  the  points.    This  is  not  represented 
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"  'hf  figure.  When  ihe  cylinder  is  turned,  A  becomes  charged  wiih 
"'BWive  and  B  with  positive  electricity  by  Ihe  loss  of  its  negative  from 
'I"*  points  P.  The  two  opposite  electricities  will  now  unite  by  a  sucees- 
"°n  of  sparks  across  D  and  E.  If  use  is  10  be  made  of  the  elsctriciiy, 
*"her  the  rubber  or  the  prime  conductor  must  l>e  connected  with  the 
''"'wid,    In  the  former  case  positive  eleclriciiy  is  oblained ;  in  the  latter. 
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J^%.  ATTDatTABB'*  bydro-eleotrlo  maolilne.— In  this  machine  eleciricjly 

is  produced  by  ihe  disengagement  of  aqueous  vapour  through  narrow  orifices.,. 
The  discovery  of  the    machine  was  occasioned  by  an  accident.     A  worV — 

dentally  held  on^ 
hand  in  a  jet  err 
steam,  which  w^ 
issuing     from     a..M 

boiler  at  high  pre  - 
sure,  while  his  oth- 
hand  grasped  I^H 
safety  -  valve,  «■  — 
astonished  at  e^= 
periencing  a  ^r"=^ 
shock.  Sir  ^i^ 
Armstrong  fth  — 
Mr.  Armstrong, 
Newcastle),  wht-  -^ 


atti 


1  to  this  pH 


lained  that  ^r^he 
steam  was  charger «J 
with  positive  el-^^i^- 
iricily,  and,  by  ^■^■ 
pealing  the  exp^^"- 

Inted      locomoli  "^^'i 
'  ^~     "^."      '  he  found  that   «:*= 

'^'   ''■  boiler    was    ne^^' 

lively  charged.  Armstrong  believed  that  the  electricity  was  due  to  a  sudd*" 
expansion  of  the  steam  ;  Faraday,  who  afterwards  examined  the  questi*^"* 
ascertained  its  inie  cause,  which  will  be  best  understood  after  describi^S 
a  machine  which  Armstrong  devised  for  reproducing  the  phenomenon.  , 

It  consists  of  a  wroughl-iron  boiler  (fig.  632),  with  a  central  fire,  ^*'*'*j 
insulated  on  four  legs.     It  is  about  5  feel  long  by  2  feel  in  diameter,  »-*^ 
is  provided  at  the  side  with  a  gauge  O,  to  show  the  height  of  the  watew   * 
the  boiler.    C  is  the  stopcock,  which  is  opened  when  the  steam  has  suffici^*! 
pressure.    Above  this  is  the  box  B,  in  which  are  the  tubes  through  wh  i*^ 
the  steam  is  disengaged.    On  these  are  fitted  jets  of  a  peculiar  coiwlructi  *'''' 
which  win  be  understood  from  the  section  of  one  of  them,  M,  represented    **  _ 
a  larger  scale.     They  are  lined  with  hard  wood  in  a  manner  represented     ^J' 
Ihe  diagram.      The  box  B  contains  cold  water.      Thus  the  steam,  ber-f^ 
escaping,  undergoes  panial  condensation,  and  becomes  chained  with  vesic'* 
of  water — a  necessary  condition,  for  Faraday  found  that  no  electricity  is  f**** 
duced  when  the  steam  is  perfectly  dr>-. 

The  development  of  electricity  in  the  machine  was  at  first  altributeJ 
Ihe  condensation  of  the  steam  ;  but  Faraday  found  that  it  is  solely  d"*    ** 


ihe  friction  of  the  globules  of  water  against  the  jet.  For  if  ihe  little  cylinders 
which  line  the  jeis  are  changed,  the  kind  of  electricity  is  changed  ;  and  if 
ivory  is  substituted,  httle  or  no  electricity  is  produced.  The  same  effect  is 
produced  if  any  fatty  matter  is  introduced  into  the  boiler.  In  this  case  the 
linings  are  of  no  use.  It  is  only  in  case  the  water  is  pure  that  electricity  is 
<Iiseng:^d,  and  the  addition  of  acid  or  saline  solutions,  even  in  minute 
<]uaiitity,  prevents  any  disengagement  of  electricity.  If  turpentine  is  added 
TO  the  boiler,  the  effect  is  reversed— the  steam  becomes  negatively,  and  the 
Imilcr  positively,  electrified. 

With  a  current  of  moist  air  Faraday  obtained  effects  similar  to  those  iif 
this  apparatus,  but  with  dry  air  no  efleci  is  produced. 

759.  ■oUB'ialeotrlcBlDiBOblB*.— Before  iheend  of  last  century  electrical 
■nachines  were  known  in  this  country  in  which  the  electricity  was  not  deve- 
loped by  friction,  but  by  the  continuous  inductive  action  of  a  body  already 
^ectrilied,  as  the  electrophones  ;  within  the  last  few  yeJirs  such  machines 
liave  been  te-invenied  and  come  into  use.  The  form  represented  in  fig.  633 
mas  invented  by  Holt?,  of  Berlin. 

It  consists  of  two  circular  plates  of  thin  glass  at  a  distance  of  3  mm.  from 


**^h  other  ;  the  larger  one,  AA,  whith  is  2  feet  in  diameter,  is  fixed  by 

**^  4  wooden  rollers  n,  resting  on  glass  axes  and  glass  feet.     The  1" 

"•^e  second  plate,  BB,  is  2  inches  less  ;  it  turns  on  a  horizontal 

'"hich  passes  through  a  hole  in  the  centre  of  the  large  Rxed  plate  without 

^wiching  it.    In  the  plate  A,  on  the  same  diameter,  tiT<.\'«o\Mftft  a.-^eTO 
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or  windows^  F  F'.  Along  the  lower  edge  of  the  window  F,  on  the  posteric 
face  of  the  plate,  a  band  of  paper,/,  is  glued,  and  on  the  anterior  fiice  a 
of  tongue  of  thin  cardboard,  /i,  joined  to  /  by  a  thin  strip  of  paper,  and  pn  ^ 
jecting  into  the  window.  At  the  upper  edge  of  the  window,  F',  there  s^^  - 
corresponding  parts,  p'  and  n\  The  papers  p  and/'  constitute  the  armatun^ 
The  two  plates,  the  armatures,  and  their  tongues  are  carefully  covered  w^  i 
shellac  varnish,  but  more  especially  the  edges  of  the  tongues. 

In  front  of  the  plate  B,  at  the  height  of  the  armatures,  are  two  brsvLi 
combsy  O  O',  supported  by  two  conductors  of  the  same  metal,  C  C  In  ^K  l 
front  end  of  these  conductors  are  two  moderately  large  brass  knobs,  throijs  s 
which  pass  two  brass  rods  terminated  by  smaller  knobs,  r  r\  and  provide 
with  ebonite  handles,  K  K'.  These. rods,  besides  moving  with  gentle  frict  i  « 
in  the  knobs,  can  also  be  turned  so  as  to  be  more  or  less  near  and  inclirs^  ^ 
towards  each  other.  The  plate  B  B  is  turned  by  means  of  a  winch  M,  an  ^ 
series  of  pulleys  which  transmit  its  motion  to  the  axis  ;  the  velocity  wlm  i  c 
it  thus  receives  is  12  to  15  turns  in  a  second,  and  the  rotation  should  \s£^^ 
place  in  the  direction  indicated  by  the  arrows  ;  that  is,  towards  the  points  ' 
the  cardboard  tongues  ti  n\ 

To  work  the  machine,  the  armatures//'  must  be  first  primed  \  thac  ' 
one  of  the  armatures  is  positively  and  the  other  negatively  electrified.  T  ^ 
is  effected  by  means  of  a  plate  of  ebonite,  which  is  excited  by  striking 
with  catskin  ;  the  two  knobs  rr*  having  been  connected  so  that  the 
conductors  C  C  only  form  one,  as  seen  in  fig.  634,  which  shows  by  a  h< 
zontal  section,  throupjh  the  axis  of  rotation,  the  relative  arrangement  of  *• 
plates  and  of  the  conductors.  The  electrified  ebonite  is  then  brought  n  ^ 
(ine  of  them—/,  for  instance— and  the  plate  B  is  turned.  The  ebonite 
charged  with  negative  electricity,  and  this  withdraws  the  positive  electricr 
of  the  armature  and  charges  it  negatively.  This  latter  acting  by  induct ' 
through  the  plate  B  B,  as  it  turns  on  the  conductors  OCC'O'  (fig.  634),  attr«m 
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Fig.  634. 

through  the  comb  O  the  positive  electricity  which  collects  on  the  frortt  f« 
the  movable  plate  ;  while  at  the  same  time  negative  electricity,  repelU 
the  comb  O',  collects,  like  the  former,  on  the  front  face  of  the  pk 
Hence,  the  two  electricities  being  carried  along  by  the  rotation,  at  tl 
of  half  a  turn  all  the  lower  half  of  the  plate  B,  from/  to  F'(fig.  635),  i 
lively  electrified,  and  its  upper  surface  from/'  to  F  negatively.     But  t 
opposite  electricities  above  and  below  the  window  F'  concur  in  decon 
the  electricity  of  the  armature /'w' ;  the  part/  is  positively  electrifies 
negative  electricity  is  liberated  by  the  tongue  «',  and  is  depositee! 
inner  face  of  the  plate  B  B,  which  from  its  thinness  almost  complet 
tralises  the  positive  electricity  on  the  anterior  face. 

The  two  armatures  are  then  primed,  and  the  same  effect  as 
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odaced  at  F  on  the  armature  fin ;  that  is,  that  the  opposite  electricities 
Nyve  and  below  fin^  decomposing  a  new  quantity  of  neutral  electricity, 
e  negative  charge  of  the  part  /  increases,  while  the  positive  electricity  which 
liberated  by  the  tongue  «,  neutralises  the  negative  electricity  which  comes 
nn  F'  towards  F  ;  and  so  forth  until,  the  machine  having  attained  its 
aximum  charge,  there  is  equilibrium  in  all  its  parts.     From  that  point  it 


Fig.  635.  » 

ily  keeps  itself  up,  and  in  perfectly  dry  air  it  may  work  for  a  long  time 
ithout  its  being  necessary  to  employ  the  ebonite  plate.  If  this  be  removed, 
id  the  knobs  r  and  r*  are  moved  apart  (fig.  633)  to  a  distance  dependent 
Q  the  power  of  the  machine,  on  continuing  to  turn,  a  torrent  of  sparks 
rikes  across  from  one  knob  to  the  other. 

With  plates  of  equal  dimensions  Holtz's  machine  is  far  more  powerful 
lian  the  ordinary  electrical  machine  (753y.  The  power  is  still  further 
icrcased  by  suspending  to  the  conductors  C  C  two  condensers^  H  H'  (765), 
'hich  consist  of  two  glass  tubes  coated  with  tinfoil,  inside  and  out,  to 
nthin  a  fifth  of  their  height.  Each  of  them  is  closed  by  a  cork,  through 
'hich  passes  a  rod,  communicating  at  one  end  with  the  inner  coating,  and 
uspended  by  one  of  the  conductors  by  a  crook  at  the  other  end.  The  two 
xtcmal  coatings  are  connected  by  a  conductor,  G.  They  are,  in  fact,  only 
"^  small  Leyden  jars  (770),  one  of  them,  H,  becoming  charged  with  positive 
Icctricity  on  the  inside  and  negative  on  the  outside ;  the  other,  H',  with 
Native  electricity  on  the  inside  and  positive  on  the  outside.  Becoming 
^rged  by  the  play  of  the  machine  and  being  discharged  at  the  same  rate 
y  the  knobs  rr',  they  strengthen  the  spark,  which  may  attain  a  length  of 
Or  7  inches. 

The  current  of  the  machine  is  utilised  by  placing  in  front  of  the  frame 
'o  brass  uprights,  QQ',  with  binding  screws  in  which  are  copper  wires  ;  then, 
*  means  of  the  handles  K  K',  the  rods  which  support  the  knobs  r  r  are 
^Hned,  so  that  they  are  in  contact  with  the  uprights.  The  current  being 
^  directed  by  the  wires,  a  battery  of  six  jars  can  be  charged  in  a  few 
'Hiites,  water  can  be  decomposed,  a  galvanometer  deflected,  and  Geissler*s 
^^^  illuminated  as  with  the  voltaic  battery. 

Kohlrausch  found  that  a  Holtz's  machine  with  a  plaXt  Al^  \xvcyi<«,%  vd 
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three  seconds,  produced  a  constant  cutrei^^^ 
■  at  the  rale  of  3J  millionlhs  of  a  milligtaxnm^^ 
the  effect  produced  by  a  Grove's  cell  in  a  cv  y 
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meter,  and  making  5  turns 

capable  of  decomposing  wa 
in  a  second.  This  is  equal 
cuil  of  45,000  ohms  resistance. 

Rossetti,  who  made  a  series  of  measurements  with   a  Hojlj's  machrr*^ 

found  that  the  stretigth  of  the  current  is  nearly  proportional  to  the  velocity-  ^ 

the  rotation  ;  it  increases  a  little  more  rapidly  than  the  rotation.     Vatmtia 

nf  the  velocity  of  rotation  to  the  strength  of  the  current  is  greater  when  the 

hygrometric  state  increases.     The  current  produced  by  a  Holti's  machine  « 


L 


quite  comparable  10  th.u  ul  .i  voIl.iu    tiuipit.      it^  clenrn-mouv 

resistance  arc  constant,  provided  the  velocity  of  rotation  and  the  hygrc^ 

metric  state  are  constant. 

The  electromotive  force  is  independent  of  the  velocity  of  rotation,  brf' 
diminishes  as  the  moisture  increases  ;  it  is  neltly  52,000  limes  as  great  a* 
ihat  of  a  Daniell's  cell. 

The  internal  resistance  is  independent  of  the  moisture,  but  diminishes 
rapidly  with  increased  velocity  of  rotation.  Thus  with  a  velocity  of  uoitmis 
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in  a  minute  it  is  represented  by  2,810  million  ohms.,  and  with  a  velocity  of 
450  turns  it  is  646  ohms. 

Holtz's  machine  is  very  much  affected  by  the  moisture  of  the  air ;  but 
Kuhrakorif  found  that  by  spreading  on  the  table  a  few  drops  of  petroleum,  the 
vapours  which  condense  on  the  machine  protect  it  against  the  moisture  of 
the  atmosphere. 

A  very  simple  and  efficient  machine  of  this  kind  is  made  by  Voss  of 
I^rlin.  One  with  a  plate  of  10  inches  diameter  produces  a  spark  of  4  to  5. 
inches. 

If  the  two  combs  of  a  Holtz's  machine  in  the  ordinary  state  are  connected 
^th  the  poles  of  a  second  similar  one,  which  is  then  set  in  action,  the 
combs  of  the  first  become  luminous,  and  the  plate  begins  to  rotate,  but  in 
the  opposite  direction  to  its  ordinary  course  ;  the  electricity  thus  transmits 
the  motion  of  the  second  machine  to  the  first ;  the  one  expends  what  the 
other  produces. 

It  may  also  be  observed  that  the  two  machines  are  connected  by  op- 
posite poles,  and  the  system  constitutes  a  circuit  which  is  traversed  in  a 
ciefinite  direction  by  a  continuous  electrical  current. 

760.  Omt6's  dieleotrioal  ma«lilBe. — This  is  a  combination  of  the  old 
form  of  machine  with  that  of  Holtz.  It  consists  of  two  plates  turning  in 
opposite  directions  (fig.  636):  one,  A,  of  glass,  and  the  other,  B,  of  ebonite. 
"They  overlap  each  other,  to  about  f  to  }  of  their  radii.  The  lower  one  is 
slowly  turned  by  means  of  a  handle,  M,  while  the  upper  one  is  rapidly 
T-otated  by  an  endless  cord,  which  passes  from  the  large  over  the  small 
'^rheel. 

The  plate  A,  after  having  been  electrified  positively  between  two  rubbers 
l^F',  acts  inductively  through  the  plate  B  on  a  comb  /*,  withdrawing  from  it 
viegative  electricity,  which  then  passes  to  the  plate  B,  the  conductor  de 
remaining  positively  electrified ;  but  as  the  plate  B  turns  very  quickly,  the 
*iegative  electricity,  as  it  collects  on  its  surface,  acts  inductively  on  a  second 
cromb  g^  which  it  charges  with  negative  electricity,  reverting  itself  to  the 
Tieutral  state,  while  the  two  conductors  C  and  D,  which  are  connected  with 
the  comb  g^  become  charged  with  negative  electricity. 

These  conductors,  connected  as  they  are  by  two  ties,  m  and  «,  rest  on 

t^wo  columns — the  one,  «,  of  glass,  and  the  other,  ^,  of  ebonite.    A  chain  in 

c-onnection  with  the  ground  is  suspended 

from  a  hook,  O,  which  can  be  raised  at 

pleasure,  but  put  in  connection  with  the 

comb  I.     The  rubbers,  F  F'  moreover, 

arc  in  connection  with  the  ground  by 

means  of  two  bands    of  tinfoil  along 

the  supports. 

Lastly,  at  /  (fig.  637)  is  a  sector  of 
Varnished  paper  cut  in  the  form  of  a 
comb,  and  fastened  to  an  insulating 
segment,  P,  of  the  same  shape,  which 
U  used  as  support.  From  the  teeth  of 
the  sector  /  positive  electricity  flows  on  the  plate  B  as  it  moves,  and  by 
induction  this  sector  ^  yields  to  the  comb  g  a  surcharge  of  negative  ^' 
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Fig.  637. 
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tricity.     The  rod  d  and  the  knob  e  may  be  withdrawn  at  will  from  the 
ductor  C  (fig.  636),  so  that  sparks  of  different  lengths  may  be  taken.  At  r  is 
hook  to  which  can  be  attached  the  Leyden  jars  which  are  to  be  charged. 

Owing  to  the  direct  action,  and  when  the  inducing  plate  is  at  the 
mum  charge,  Carry's  machine  is  not  very  much  affected  by  moisture, 
it  yields  a  large  supply  of  electricity.    With  plates  whose  dimensions 

respectively  38  and  49  centimetres,  it  gives  sparks  of  15  to  18  centimetre 5&, 

and  more  when  a  condenser  is  added,  as  in  Holtz's  machine. 

76 1 .  IVork  required  for  tlie  prodnotton  of  eleotrlolty. — In  all  electricizral 
machines  electricity  is  only  produced  by  the  expenditure  of  a  defin  -iic 
amount  of  force,  as  will  at  once  be  seen  by  a  perusal  of  the  precedm  -aig 
descriptions.  The  action  of  those  machines,  however,  which  work  contimnu- 
ously,  is  somewhat  complex.  Not  only  is  electricity  produced,  but  h  ^at 
also  ;  and  it  has  been  hitherto  imp>ossibIe  to  estimate  separately  the  w  ^ry^ 
required  for  the  heat  from  that  required  for  the  electricity.  This  is  ea^3»ily 
done  in  theory,  but  not  in  practice  :  how  difficult,  for  instance,  it  would  be 
to  determine  the  temperature  of  the  cushion,  or  of  the  plate  of  a  Ramsd^^n's 
machine ! 

In  lifting  the  plate  off  a  charged  electrophorus  a  certain  expenditure     or 
force  is  needed,  though  it  be  too  slight  to  be  directly  estimated  (752).    W^  ith 
a  Holtz's  machine  it  may  be  readily  shown  by  experiment  that  there  i  s  a 
definite  expenditure  of  force  in  working  it.     If  such  a  machine  be  turned 
without  having  been  charged,  the  work  required  is  only  that  necessar>^  to 
overcome  the  passive  resistances.     If,  however,  one  of  the  sectors  be  charged 
and  the  electric  action  comes  into  play,  it  will  be  observed  that  there  m^st 
be  a  distinct  increase  in  the  force  necessary  to  work  the  machine. 

The  work  required  to  charge  an  unelectrified  conductor  to  a  given  .pot  ^n- 
tial  may  be  deduced  from  the  following  considerations  : — To  impart  to  a  bo<ly 
which  is  at  potential  V  a  quantity  of  electricity  Q  would  require  an  amoii^^ 
of  work  represented  by  QV  (739).    But  in  the  case  of  an  unelectrified  body  ^^ 
is  neutral  at  the  outset— that  is,  at  zero  potential  ;  and  we  may  conceive  ^^^ 
electricity  imparted  to  it  in  a  series  of  n  very  small  charges  of  ^  each,  sO^*^ 
that   nq  =  <^\  and  as  the  potential  rises  proportionally  to  the  number     ^ 
charges,  it  may  be  assumed  that  the  work  done  is  equal  to  that  requirecJ   ^^ 
charge  the  body  to  an  average  potential  of  ^V  \  hence  the  work  in  quest  i^^ 
W  =  iQV. 

From  the  relation  between  the  quantity  of  heat  produced  by  the  curr^^  . 
of  a  Holtz's  machine  working  under  definite  conditions,  and  the  amount     ^ 
work  expended  in  producing  the  rotation  of  the  plate,  Rossetti  has  mad^  ^ 
determination  of  the  mechanical  equivalent  of  heat,  which  gave  the  num^^ 
1,397,  agreeing  therefore  ver>'  well   with  the  numbers  obtained  by  ot^^' 
methods  (497). 

EXPERIMENTS  WITH  THE   ELECTRICAL  MACHINE. 

762.  Spark. — One  of  the  most  curious  phenomena  observed  with    ^^^ 
electrical  machine  is  the  spark  drawn  from  the  conductor  when  a  fingef  '^ 
presented  to  it.     The  positive  electricity  of  the  conductor,  acting  inductive/y 
on  the  neutral  electricity  of  the  body,  decomposes  itj  repelling  the  positn*^ 


Electrical  Chimes. 

ncting  the  negative.  When  the  attraction  of  iheopposiie  ekctriciiies 
;ienily  great  to  overcome  the  resistance  of  the  air,  they  recombine 
imart  crack  and  a  snark.  The  spark  is  instantaneous,  and  is  accom- 
by  a  sharp  prickly  sensation,  more  especially  with  a  powerful  machine. 
pe  varies.  When  it  strikes  at  a  short  distance  it  is  rectilinear,  as 
fig.  638.  Beyond  two  or  three  inches  in  length  the  spark  becomes 
tr,and  has  the  form  of  a  sinuous  curve  with  branches  {tig.  639).  If 
charge  is  very  powerful,  the  spark  lakes  a  ligzag  shape  (fig.  640). 
;wo  latter  appearances  are  seen  in  the  lightning  discharge. 
park  may  be  taken  from  the  human  body  by  aid  of  the  insulating 
hich  is  simply  a  low  stool  with  stout  glass  legs.  TTie  person  standing 
stool  touches  the  prime  conductor,  and,  as  the  human  body  is  a  con- 
the  electricity  is  distributed  over  its  surface  as  over  an  ordinary 
id  metallic  conductor.     The  hair  diverges  in  consequence  of  repulsion, 


und,  prese 


\  feit  on  the  face,  and  if  another  person,  standing  on 
i  his  hand  to  any  part  of  the  body,  a  smart  crack  with  a 
5  produced. 

erson  standing  on  an  insulated  stool  may  be  positively  electrified  by 
truck  with  a  catskin.  If  the  person  holding  the  catskin  stands  r>n  an 
sd  stool,  the  striker  becomes  positively  and  the  person  struck  neg a- 
:lectrified. 

.  aiaMrteftl  ehtmaa. — "Dne  eUetrical  c/iimes  is  a  piece  of  apparatus 
ing  of  three  bells  suspended  to  a  horiiontal  metal  rod  ffig.  641).  Two 
1(  Aand  B,  arc  in  metallic  connection  with  the  conductor;  the  middle 
a  silk  thread,  and  is  thus  insulated  from  the  cot\d>i0.oT,\«X 
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connected  with  the  ground  by  means  of  a  chain.  Between  the  belb  are 
small  cupper  balls  suspended  by  silk  threads.  When  the  machine  is  worked 
the  bells  A  and  B,  being  positivdf 
electrified,  attract  the  copper  balls,  and 
after  contact  repel  them.  Being  nov 
positively  electrified,  they  are  in  turn 
attracted  by  the  middle  bell,  C,  whidi 
is  charged  with  negative  electricity  by 
induction  from  A  to  B.  After  contact 
they  are  again  repelled,  and  this  pro- 
cess is  repeated  ai  long  as  the  macbine 

Fig.  642  represents  an  appanlvs 
originally  devised  by  Volta  for  ita 
purpose  of  illustrating  what  he  sup- 
posed to  be  the  motion  of  hail  between  two  clouds  oppositely  clECtnAed. 
It  consists  of  a  tubulated  glass  shade,  with  a  metal  base,  on  which  m« 
some  pith  balls.  The  tubulure  has  a  metal  cap,  through  which  passes  » 
brass  rod,  provided  with  a  metal  disc  or  sphere  at  the  lower  end,  and  at  the 
upper  with  a  ring,  which  touches  the  prime  conductor. 

When  the  machine  is  worked,  the  sphere  becoming  positively  elecliifi<" 
attracts  the  light  pith  balls,  which  are  then  immediately  repelled,  and,havii>K 
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lost  their  chat^e  of  positive  electricity,  are  again  attracted,  agair.  repellec^ 
and  so  on,  as  long  as  the  machine  continues  to  be  worked.  An  amusing 
modification  of  this  experiment  is  frequently  made  by  placing  between  ih* 
tu'o  plates  small  pith  figures,  somctvhat  loaded  at  the  base.  When  th£ 
machine  is  worked,  the  figures  execute  a  regular  dance. 

764.  Blaetrloal  whirl  or  vane. — The  electrical  '.vhirl  or  -vane  consists  ol 
;  or  6  wires,  terminating  in  points,  all  bent  in  the  same  direction,  and  fiycd 
in  a  central  cap,  which  rotates  on  a  pivot  (fig.  643).  When  the  apparatus 
is  placed  on  Ihc  conductor,  and  the  machine  worked,  the  whiri  begins  to 
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revolve  in  a  direction  opposite  that  of  the  points.  This  motion  is  not 
analogous  to  that  of  the  hydraulic  tourniquet  (149).  It  is  not  caused  by  a 
flow  of  material  fluid,  but  is  owing  to  a  repulsion  between  the  electricity  of 
the  points  and  that  which  they  impart  to  the  adjacent  air  by  conduction. 
electricity,  being  accumulated  on  the  points  in  a  high  state  of  density, 
into  the  air,  and,  imparting  thus  a  charge  of  electricity,  repels  this 
electricity,  while  it  is  itself  repelled.  That  this  is  the  case  is  evident  from 
the  fact  that  on  approaching  the  hand  to  the  whirl  while  in  motion,  a  slight 
draught  is  felt,  due  to  the  movement  of  the  electrified  air,  while. in  vacuo  the 
apparatus  does  not  act  at  all.  This  draught  or  wind  is  known  as  the  elec- 
trical aura. 

If  the  experiment  be  made  in  water,  the  fly  remains  stationary,  for  water 
is  a  good  conductor ;  but  in  olive  oil,  which  is  a  bad  conductor,  the  whirl 
rotates. 

When  the  electricity  thus  escapes  by  a  point,  the  electrified  air  is  repelled 
so  strongly  as  not  only  to  be  perceptible  to  the  hand,  but  also  to  engender  a 
current  strong  enough  to  blow  out  a  candle.   Fig.  644  shows  this  experiment. 


Fig.  644.  F»«-  '•HS 

Jhc  same  effect  is  produced  by  placing  a  taper  on  the  conductor  and  bring- 
®g  near  it  a  pointed  wire  held  in  the  hand  (fig.  645).  The  current  arises  in 
^^»  case  from  the  flow  of  air  electrified  with  the  contrary  electricity  which 
••^pes  by  the  point  under  the  influence  of  the  machine. 

The  electrical  orrery  and  the  electrical  inclined  plane  are  analogous  in 
their  action  to  these  pieces  of  apparatus. 
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CHAPTER  IV. 

CONDENSATION   OR  ACCUMULATION  OF  ELECTRICITr. 

765.  Oondenaera  or  A«oamnl«torB, — A  eondemer  is  an  apparatus  lb' 
condensing  a  Urge  quantity  of  electricity  on  a  comparatively  small  snifacc. 
The  form  mny  vary  considerably,  but  in  all  cases  consists  essentially  of  two 
insulated  conductors,  separated  by  a  non-conductor,  and  the  working  depnH^s 
on  the  action  of  induction.  When  an  insulated  conductor  is  near  other 
conductors,  and  particularly  when  these  latter  are  connected  with  the  eaON 
the  capacity  of  the  conductor  is  increased  ;  that  is  to  say,  it  requires  » 
greater  quantity  of  electricity  to  raise  it  10  a  given  potenti^  than  when  the 
other  conductors  are  away.  An  arrangement  of  this  kind  is  called  a  i""""' 
dciisey  or  accumulator,  the  latter  term,  though  less  usual,  being  preferable,  as 
the  former  tacitly  implies  some  hypothesis  of  the  nature  of  electricity. 

Epinus's  condenserconsists  of  two  circular  brass  plates,  A  and  B  [fig.  64^'' 
with  a  sheet  of  glass,  C,  between  them.     The  plates,  each  provided  with  1 


Fig.  646. 

,  are  mounted  on  insulated  glass  legs,  and  c: 
id  fixed  in   any  position.     When  electricity 
es  are  placed  in  contact  with  the  glass,  and  then  one 
connected  with  the  electrical  machine,  and  the  aXW 
placed  in  connection  with  the  ground,  as  shown  in  fig.  647. 
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In  explaining  the  action  of  the  condenser,  it  will  be  convenient  in  each 
e  to  call  that  side  of  the  metal  plate  nearest  the  glass  the  anUrior&nA 
other  the  posterior  side.  And  first  let  A  be  at  such  distance  from  B  as 
>C  out  of  the  sphere  of  its  action.  The  plate  B,  which  is  then  connected 
ll  the  conductor  of  the  electrical  machine,  takes  ils  maximum  charge, 
ich  is  distributed  equally  on  its  two  faces,  and  the  pendulum  diverges 
lely.  If  the  connection  with  the  machine  be  interrupted,  nothing  would 
changed  ;  but  if  the  plate  A  be  slowly  approached,  ils  neutral  fluid  being 
wnposed  by  the  influence  of  B,  the  negative  is  accumulated  on  its 
erior  face,  n  Ifig.  648),  and  the  positive  passes  into  the  ground.  But  as 
negative  electricity  of  the  plate  A  reacts  in  its  turn  on  the  positive  of 
plate  B,  the  latter  fluid  ceases  to  be  equally  distributed  on  both  faces, 
1  is  accumulated  on  its  anterior  face,  m.     The  posterior  face,  p,  having 
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lulost  a  portion  of  its  electricity,  ils  density  has  diminished,  and  is  no 
■fer  equal  to  that  of  the  machine,  and  the  pendulum  b  diverges  less 
■•Wy.  Hence  B  can  receive  a  fresh  quantity  from  the  machine,  which, 
'ing  as  just  described,  decomposes  by  induction  a  second  quantity  of 
™ral  fluid  on  the  plate  A.  There  is  then  a  new  accumulation  of  negative 
"d  on  the  face  »,  and  consequently  ol 
»itive  fluid  on  m.  But  each  lime  that 
*  machine  gives  off  electricity  to  the 
te,  only  a  part  of  this  passes  to  the 
«  m,  the  other  remaining  on  the  face 
:  the  density  here,  therefore,  continues 

increase   until  it    equals  that  of  the 
■chine.    From  this  moment  equilibrium 

**tablished,  and  a  limit  to  the  charge 

■Rained  which   cannot  be  exceeded. 
^t  quantity  of  electricity  accumulated  *   * 

"on  the  two  faces  m  and  n  is  very  considerable,  and  yet  the  pendulum 
'W'Kes  just  as  much  as  it  did  when  A  was  absent,  and  no  more ;  in  fact, 
■identity  at/ is  just  what  it  was  then— namely,  thai  of  l\tcitt&<^\ti^ 
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When  the  condenser  is  charged  —that  is,  when  the  opposite  electricities 
are  accumulated  on  the  anterior  faces— connection  with  the  ground  isbrdcen         \ 
by  raising  the  wires.    The  plate  A  is  charged  with  negative  electricity,  but        •■ 
simply  on  its  anterior  face  (fig.  648),  the  other  side  being  neutral    The 
plate  B,  on  the  contrary,  is  electrified  on  both  sides,  but  unequally ;  the         1 
accumulation  is  only  on  its  anterior  face,  while  on  the  posterior,  j^,  the  den- 
sity is  simply  equal  to  that  of  the  machine  at  the  moment  the  connections 
are  interrupted.     In  fact,  the  pendulum  b  diverges,  and  a  remains  vertical. 
But  if  the  two  plates  are  removed,  the  two  pendulums  diverge  (fig.  646), 
which  is  owing  to  the  circumstance  that,  as  the  plates  no  longer  act  on  each 
other,  the  positive  fluid  is  equally  distributed  on  the  two  faces  of  the  plate 
B,  and  the  negative  on  those  of  the  plate  A. 

766.  Blow  disobarre  and  instantaneoiui  dlseluuve* — While  the  plates 
A  and  B  are  in  contact  with  the  glass  (fig.  647),  and  the  connections  inter- 
rupted, the  condenser  may  be  discharged — that  is,  restored  to  the  neutral 
state — in  two  ways  ;  either  by  a  slow  or  by  an  instantaneous  discharge.  To 
discharge  it  slowly,  the  plate  B — that  is,  the  one  containing  an  excess  of 
electricity — is  touched  with  the  finger  ;  a  spark  passes,  all  the  electricity  on 
p  passes  into  the  ground,  the  pendulum  b  falls,  but  a  diverges.    For  B,  ' 

having  lost  part  of  its  electricity,  only  retains  on  the  face  m  that  held  by  the 
inductive  influence  of  the  negative  on  A.     But  the  quantity  thus  retained  at 
B  is  less  than  that  on  A  ;  this  has  free  electricity,  which  makes  the  pendu- 
lum a  diverge  ;  and  if  it  now  be  touched,  a  spark  passes,  the  pendulum  '»         |; 
sinks  while  b  rises,  and  so  on  by  continuing  to  touch  alternately  the  two         *.: 
plates.     The   discharge  only  takes   place  slowly  :  in  very  dry  air  it  ma.7         \ 
require  several  hours.      If  the  plate  A  were  touched  first,  no  electricity 
would  be   removed,   for  all   it   has    is  retained   by  that  of  the  plate    1^* 
To  remove    the  total  quantity  of  electricity  by  the  method  of  altema-*® 
contacts,  an  infinite    number    of   such    contacts  would    theoretically    ^^ 
required. 

An  instantaneous  discharge  may  be  eflfected  by  means  of  the  dischargr" -^^^ 
rod  (fig.  649).  This  consists  of  two  bent  brass  rods,  terminating  in  kncr^  "^ 
and  joined  by  a  hinge.     When  provided  with  glass  handles,  as  in  fig.  ^-^^ 

it  forms  a  glass  discharging  rod.     In  using  this  ap 
ratus  one  of  the  knobs  is  pressed  against  one  plate 
the  condenser,  and  the  other  knob  brought  near 
other.     At  a  certain  distance  a  spark  strikes  from 
plate  to  the  knob,  caused  by  the  sudden  recom 
tion  of  the  two  opposite  electricities. 

When  the  condenser  is  discharged  by  the 
charger  no  sensation  is  experienced,  even  though 
latter  be  held  in  the  hand  ;  of  the  two  conductors, 
electricity  chooses  the  better,  and  hence  the  discha^""^ 
is  effected  through  the  metal,  and  not  through  the  b 
"*'  But  if,  while  one  hand  is  in  contact  with  one  pi 

the  other  touches  the  second,  the  discharge  takes  place  through  the  bre 
and  arms,  and  a  considerable  shock  is  felt  ;  and  the  larger  the  surface 
the  condenser,  and  the  greater  the  electric  density,  the  more  violent  is  1 
shock. 
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767.  Oanaaiialiif  fbroa.—  The  iondeHsing force  is  the  relation  between 
the  whole  charts,  which  the  collecting  plate  can  take  while  under  the 
influence  of  the  second  pfaile,  to  that  which  it  would  take  if  alone  :  in  other 
words,  it  is  the  ratio  of  the  capacities  under  the  two  conditions. 

768.  Umlt  of  the  oturc*  or  oMMenaara. — The  quantity  of  electricity 
which  can  be  accumulated  on  each  plale  is,  calf  ris  paribus,  proportional  10 
the  potential  of  the  electricity  on  the  conductor,  and  to  the  surface  of  the 
plates  ;  ii  decreases  as  the  insulating  plate  is  thicker,  and  it  differs  with  the 
specific  inductive  capacity  of  the  substance.  There  is,  however,  a  limit  in 
the  case  of  each  condenser  beyond  which  it  cannot  be  charged.  The  effect 
of  dielectric  polarisation  (747)  is  10  put  ihe  medium  into  a  slate  of  strain 
(iom  which  it  is  always  trying  10  release  itself,  and  which  is  the  eqoivalent 
of  the  work  done  in  charging  a  condenser.  This  is,  indeed,  the  seal  of  the 
elearical  energj-.  It  is  as  if  two  surfaces  were  pulled  together  by  elastic 
threads  which  repelled  each  other  laterally.  When  the  strain  exceeds  a 
nrtain  limit,  a  discharge  takes  place  through  the  mass  of  the  dielectric, 
generally  accompanied  by  light  and  sound,  and  with  a  temporary  or  perma- 
ntnt  rapture  of  the  dielectric  according  as  it  is  fluid  or  solid.  This  is  what 
Cites  place  when  a  substance — glass,  for  instance — is  exposed  to  acontinually 
increasing  pressure  ;  a  point  is  ultimately  reached  al  which  the  glass  gives 
way,  and  ihe  pressure  at  that  point  is  a  measure  of  the  resistance  to  fracture 
of  the  glass.  In  like  manner,  the  point  at  which  the  electrical  discharge  lakes 
place  is  a  measure  of  the  electrical  strength  of  the  dielectric.  This  electrical 
ttrength  is  greater  in  dense  than  in  rarefled  air,  and  in  glass  than  in  air. 

We  may,  following  Maxwell,  further  illustrate  this  point  by  the  twisting 
Wa  wire  :  a  wire  in  which  a  small  force  produces  a  permanent  twist  corre- 
S|iot)ds  to  the  case  of  the  conduction  of  electricity  in  a  good  conductor  ; 
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a  wooden  frame  (fig.  650) ;  on  each  side  of  the  glass,  pieces  of  tinfoil  are 
fastened  opposite  each  other,  leaving  a  space  free  between  the  edge  and 
the  frame.      It  is  well  to  cover  this  part  of  the  glass  with  an  insulating 
layer  of  shellac  varnish.     One  of  the  sheets  of  tinfoil  is  connected  with  a 
ring  on  the  frame  by  a  strip  of  tinfoil,  so  that  it  can  be  put  in  commu- 
nication with  the  ground  by  means  of  a  chain.     To  charge  the  pane  the 
insulated  side  is  connected  with  the  machine.    As  the  other  side  commu- 
nicates with  the  ground,  the  two  coatings  play  exactly  the  part  of  the  con- 
denser.    On  both  plates  there  are  accumulated  large  quantities  of  contrar>' 
electricities. 

The  pane  may  be  discharged  by  pressing  one  knob  of  the  discharger 
against  the  lower  surface,  while  the  other  is  brought  near  the  upper  coating. 
A  spark  ensues,  due  to  the  recombination  of  the  two  electricities ;  but  the 
operator  experiences  no  sensation,  for  the  discharge  takes  place  through  the 
wire.  But  if  the  connection  between  the  two  coatings  be  made  by  touching 
them  with  the  hands  a  violent  shock  is  felt  in  the  hands  and  breast,  for  the 
combination  then  takes  place  through  the  body. 

770.  &eyden  Jar. — The  Ley  den  jar ^  so  named  from  the  town  of  Leyden, 
where  it  was  invented,  is  essentially  a  modified  condenser  or  fulminating  pane 
rolled  up.  Fig.  651  represents  a  Leyden  jar  of  the  usual  French  shape 
in  the  process  of  being  charged.  It  consists  of  a  glass  jar  of  any  conve- 
nient size,  the  interior  of  which  is  either  coated  with  tinfoil  or  filled  with  thin 
leaves  of  copper,  or  with  gold-leaf.  Up  to  a  certain  distance  from  the  neck 
the  outside  is  coated  with  tinfoil.    The  neck  is  provided  with  a  cork,  through 

which  passes  a  brass  rod, 
ji  g    )j  which  terminates  at  one 

end  in  a  knob,  and  com- 
municates with  the  metal 
in  the  interior.  The  me- 
tallic coatings  are  called 
respectively  the  internal 
and  external  coatifip- 
Like  the  condenser,  the 
jar  is  charged  by  connect- 
ing one  of  the  coatings 
with  the  ground,  and  the 
other  with  the  source  of 
electricity.  When  it  is  held  in  the  hand  by  the  external  coating,  and  the  knob 
presented  to  the  positive  conductor  of  the  machine,  positive  electricity  is 
accumulated  on  the  inner  and  negative  electricity  on  the  outer  coating- 
The  reverse  is  the  case  if  the  jar  is  held  by  the  knob,  and  the  external  coat- 
ing presented  to  the  machine.  The  positive  charge  acting  inductively  across 
the  dielectric  glass,  decomposes  the  electricity  of  the  outer  coating,  attracting 
the  negative,  and  repelling  the  positive,  which  escapes  by  the . hand  to  the 
ground.  Thus  it  will  be  seen  that  the  action  of  the  jar  is  the  same  as  that 
of  the  condenser,  and  all  that  has  been  said  of  this  applies  to  the  jar,  sub- 
stituting the  two  coatings  for  the  two  plates  A  and  B  of  fig.  647. 

Like  any  other  condenser,  the  Leyden  jar  may  be  discharged  either  slowly 
or  instantaneously.   For  the  latter  purpose  it  is  held  in  the  hand  by  the  out- 
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Leyden  Jar  with  Movabk  Coatings. 


de  coating  (fig.  652),  and  ihe  two  coatings  are  then  connected  by  n 

le  simple  discharger.     Care  must  be  taken  to  touch _/!>//  the  external  Ci 

g  with  the  discharger,  otherwise  a  smart  shock  will  be  felt.     To  discharge 

slowiy  the  jar  is   placed  on  an   insulated   plate,  and  first   the  i. 

ten  the  outer  coating  touched,  either  with  the  hand  or  with  a  metallic  con- 

BCTor.    A  slight  spark  is  seen  at  each  discharge. 

Fig.  653  represents  a  very  pretty  experiment  for  illustrating  the  slow 
iicharge.     The  rod  terminates  in  a  small  bell,  a",  and  the  outside  coating 


rig.-«J».  Fig   6S3. 

B  connected  with  an  upright  metallic  support,  on  which  is  a  similar  bell,  t. 
IctwecD  the  two  belts  a  light  brass  ball  is  suspended  by  a  silk  thread.  The 
kr  ii  then  charged  in  the  usual  manner  and  placed  on  the  support  m.  The 
Memal  coating  contains  a  quantity  of  free  electricity  ;  the  pendulum  is 
ttracied  and  immediately  repelled,  striking  against  the  second  bell,  to  which 
t  imparts  its  free  electricity.    Being  now  neutralised,  it  Is  again  attracted  by 


Fi«.6jH. 

*•  llm  bell,  and  so  on  for  some  time,  especially  if  ilic  jit  bo  dr),  and  lli« 
""■(Omewhat  large. 

■■^"'  **'*"»1»"^**  moTabiB  ooMtlnr*.— This  apparatus  ffig.  654)  \i 
'.0  demonstrate  (hal  in  the  Leyden  jar  the  opposite  electricities  are  nol 

1  the  coalings  merely,  but  reside   principall'y  otv  \.Vie  ii^^ii%\\ft   ' 
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sides  of  ihe  glass.     It  consists  of  a  somewhat  conical  glass  vessel,  B,  w^^ 
movable  coatings  of  zinc  or  lin,  C  and  D.  These  separate  pieces  placed  (»X) 
in  the  other,  as  shown  in  figure  A,  form  a  complete  Leyden  jar.  After  hai'Sj^ 
charged  the  jar,  ii  is  placed  on  an  insulating  cake  ;  the  internal  coating-  \f 
first  removed  by  the  hand,  or  better  by  aglass  rod,  and  then  the  glass  vessel 
The  coatings  are  found  to  contain  little  or  no  electricity,  and  if  they  are 
placed  on  the  table  they  are  restored  to  the  neutral  state-     Nevertheless, 
when  the  jar  is  put  together  again,  as  represented  in  the  figure  at  A,  a  shoct 
may  be  taken  from  it  almost  as  strong  as  if  the  coatings  had  not  been  re- 
moved.    It  is  therefore  concluded  that  the  coatings  merely  play  the  part  of 
conductors,  distributing  the  electricity  over  the  surface  of  the  ghus,  which 
thus  becomes  polarised,  and  retains  this  state  even  when  placed  on  the  table, 
owing  to  its  imperfect  conductivity. 

The  experiment  may  be  conveniently  made  without  any  special  fbrm 
of  apparatus  by  forming  a  Leyden  jar,  of  which  the  inside  and  outiidt 
coatings  are  of  mercury,  charging  it ;  then  having  mixed  the  two  ctalingi, 
the  apparatus  is  put  together  again,  upon  which  a  discharge  may  be  once 

—This  experiment  well  illustrates  the  oppo- 
)  coatings  of  a  Leyden  jar.    Holding  a 
jar  charged  with  positive  elec- 
tricity by  the  hand,  a  series  of 
lines  are  drawn  with  the  koob 
on  a  cake  of  resin  or  vulcanite ; 
then  having  placed  Ihe  I"  on 
an  insulator,  it  is  held  by  tli* 
knob,  and  another  series  traced 
by  means  of  the  outer  coaiing- 
If  nowa  mixture  of  red-lead  and 
I  flour  of  sulphur  be  projected  00 
I  the  cake,  the  sulphur  will  attach 
itself  to  the  positive  lines,  m^' 
tlie   red-lead    to    the   negati" 
\%  ;  the  reason  being  that  i" 
mixing  the  powders  the  sulphf 
has  become  negatively  electn- 
ficd,  and  the  red -lead  positivelf- 
The  sulphur  will  ammge  its<* 
■  ■»■  ""■  in  tufts  with  numerous  diveiK'nE 

branches,  while  the  red-lead  will  take  the  form  of  small  circular  spolii  1^- 
dicatlng  a  difference  in  the  two  electricities  on  the  surface  of  the  resin. 

Fig.  655  represents  the  appearance  of  a  plate  of  resin,  which  has  been 
touched  by  the  knob  of  a  Leyden  jar  charged  with  positive  electricity,"'^ 
has  then  been  dusted  with  lycopodium  powder. 

773.  KesldaiU  olimrr«.— Not  only  do  the  electricities  adhere  to  the  ■*'<' 
surfaces  of  the  insulating  medium  which  separates  them,  but  they  peneira" 
to  a  certain  extent  into  the  interior,  as  is  sliown  by  the  following  MpWj 
mem  ;  —A  condenser  is  formed  of  a  plate  of  shellac  and  movable  weiw 
plates.     It  is  then  charged,  retained  in  that  state  for  some  time,  and  after- 
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ards  discharged.  On  removing  the  metal  coatings  and  examining  both 
iiiiaces  of  the  insulator,  they  show  no  signs  of  electricity.  After  some  time, 
owever,  each  face  exhibits  the  presence  of  some  electricity  of  the  same 
ind  as  that  of  the  plate  with  which  it  was  in  contact  while  the  apparatus 
as  charged.  This  is  explained,  by  some,  as  a  kind  of  electrical  absorp- 
on. 

A  phenomenon  frequently  observed  in  Leydenjars  is  of  the  same  nature. 
hThen  a  jar  has  been  discharged  and  allowed  to  stand  a  short  time,  it 
ichibits  a  second  charge,  which  is  called  the  electric  residue.  The  jar  may 
e  again  discharged,  and  a  second  residue  will  be  left,  feebler  than  the  first, 
od  so  on,  for  three  or  four  times.  Indeed,  with  a  delicate  electroscope  a 
>ng  succession  of  such  residues  may  be  demonstrated.  The  residue  is 
reater  the  longer  the  jar  has  remained  charged.  The  magnitude  of  the 
ssidue  further  depends  on  the  amount  of  the  charge,  and  also  on  the 
egree  in  which  the  metal  plates  are  in  contact  with  the  insulator.  It 
aries  with  the  nature  of  the  substance,  but  -there  is  no  residue  with 
ither  liquids  or  gaseous  insulators.  Faraday  found  that  with  paraffine 
tie  residue  was  greatest,  then  with  shellac,  while  with  glass  and  sulphur  it 
ras  least  of  all.  Kohlrausch  has  found  that  the  residue  is  nearly  proportional 
3  the  thickness  of  the  insulator.  If  successive  small  charges,  alternately 
ositive  and  negative,  be  imparted  to  the  jar,  it  is  found  that  the  residual 
harges  come  out  in  the  reverse  order  in  which  the  original  charges 
:o  in. 

Maxwell  proved  that  a  dielectric  composed  of  strata  of  diflferent  kinds 
nay  exhibit  the  phenomena  of  the  residual  charge,  even  though  none  of  the 
ubstances  composing  it  exhibit  it  when  alone. 

From  what  has  been  said  as  to  the  state  of  mechanical  strain  in  which 
he  dielectric  of  a  condenser  is  thrown  when  charged  with  electricity,  it  is 
lot  difficult  to  account  for  the  phenomenon  of  the  residual  charge.  An 
:]astic  body  such  as  a  steel  plate  which  has  been 
wisted  or  bent,  reverts  to  its  original  state,  when  the 
orce  which  brought  about  the  deformation  ceases  to 
ict,  but  not  quite  completely.  A  certain  length  of 
ime  is  required  for  this  alteration  to  take  place,  but 
he  change  is  promoted  by  any  gentle  mechanical 
iction,  such  as  tapping,  which  gives  the  molecules  a 
rertain  freedom  of  motion.  Hopkinson  has  made 
in  experiment  which  is  quite  analogous  to  this.  A 
^lass  vessel  (fig.  656)  contains  sulphuric  acid,  and  in 
I  is  placed  a  thinner  one,  about  half  full  of  the  same 
iquid.  Platinum  wires  dip  in  the  two  liquids,  one  of  which  is  in  connection 
vith  the  prime  conductor  of  an  electrical  machine,  while  the  other  is  con- 
lected  with  the  eanh.  The  arrangement  forms,  in  short,  a  condenser,  the 
roatings  of  which  are  sulphuric  acid.  When,  after  being  thus  charged,  the 
ar  is  discharged,  after  some  time  a  residual  discharge  may  be  taken  by 
igain  connecting  the  wires  ;  if,  however,  the  inner  jar  be  gently  struck  with  a 
l^iece  of  wood,  the  residue  makes  its  appearance  much  more  rapidly.  The 
ftame  observer  draws  a  parallel  between  the  phenomena  of  the  residual  charge 
%nd  those  of  residual  magnetism  (715;. 
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Measurement  of  the  Charge  of  a  Battery. 

ihMfiut  »y  0M0«de.— A  series  of  Leyden  jare  are  placed  each 
^1y  on  insulating  supports.  The  knob  of  the  first  is  in  connection 
e  prime  conductor  of  the  machine,  and  its  outer  coating  joined  to  the 
%  of  the  second,  ihe  outer  coaling  of  the  second  to  the  knob  of  the  third, 
L,  the  outer  coating  of  the  last  communicating  with  the  ground. 
e  inner  coating  of  the  first  recei\-es  a  charge  of  positive  electricity  from 
le  machine,  and  the  corresponding  positive  elearicity  set  free  by  induction 
'is  outer  coating,  instead  of  passing  to  the  ground,  gives  a  positive  charge 
T  coating  of  the  second,  which,  acting  in  like  manner,  develops  a 
Cbirge  in  the  third  jar,  and  so  on  to  the  last,  where  the  piositive  electricity 
dnetoped  by  induction  on  the  outer  coating  passes  to  the  ground.    Thr  jars 


•  discharged  either  singly 
■I  ejcb  jar,  or  simultaneously  by  connecting  the  inner  coaling  of  the  first 
Ih  the  outer  of  the  last.     In  this  way  the  quantity  of  electricity  necessary 
■>  charge  one  jar  is  available  for  charging  a  series  of  jars. 

Meuorament   of  t&e  ohoriie  of  b  battery.      Kkna'a   olectro- 

— When  the  outer  and  inner  coalings   of  a   charged    Leyden  jar 

re  gradually  brought  nearer  each  other,  at  a  certain  distance  a  spontaneous 

uschargc  ensues.    The  distance  is  called  the  sinking  distance.     It  is  in- 

»e!y  proportional  to  ihe  pressure  of  the  air,  and  directly  proportional  to 

e  dcciric  density  of  that  point  of  the  inner  coaling  at  which  the  dis- 

e  lakes  place.      As  the  density  of  any  point  of  the   inner  coating, 

"  ings  remaining  the  same,  is  proportional  to  the  eM\tt  iiiax%e,,  'ivt  ^ 
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yv^  Volttk'a  ooDdeDslDK  «leetroBoope. — The  condensing  electroscope 

'tnted  by  Volta  is  a  modificiition  of  the  ordinary  gold-leaf  electroscope 
i').  The  rod  to  which  the  gold  leaves  are  altixed  lenninales  in  a  disc 
*ud  of  in  a  knob,  and  there  is  another  disc  of  (he  same  siie  provided  with 
Iniulating  glass  handle.  The  discs  are  covered  with  a  layer  of  insulating 
'lac  varnish  (lig.  662). 

I'o  render  very  small  quantities  of  electricity  perceptible  by  this  apparatus, 
i  of  Ihe  plates,  which  Ihus  becomes  the  eoUecting  plaie,  is  touched  with 
body  under  examination.  The  oiher  plate,  the  condensing  plate,  is  con- 
'cd  with  the  ground  by  touching  it  with  the  finger.  The  electricity  of 
body,  being  diffused  over  ihe  collecting  plate,  acts  inductively  through 
varnish  on  the  neutral  fluid  of  the  other  plaie,  attracting  At  ci^'psaW.c 
i^riciiy,bui  repelling  that  of  like  kind.     The  two  elecuktaes  i.W's\M:com.* 
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accumutated  on  the  two  plates  just  as  in  a  condenser,  but  there  is  no  diver- 
gence of  the  leaves,  for  the  opposite  electricities  counteract  each  other.  Tlie 
finger  is  now  removed,  and  then  the  source  of  electricity,  and  still  there  Vk 
no  divergence  ;  but  if  the  upper  plate  be  raised  (fig.  663)  the  neutralisAtion 
ceases,  and  the  electricity  being  free  10  move  diffuses  itself  oi-er  the  rod  and 
the  leaves,  which  then  diverge  widely,  The  delicacy  of  this  electroscope  ri 
increased  by  adapting  10  the  foot  of  the  apparatus  two  metal  rods,  ter- 
minatiitg  in  knobs  ;  for  these  knobs,  being  excited  by  induction  from  tbe 
gold  leaves,  react  upon  them. 

A  still  further  degree  of  delicacy  is  attained  if  the  rods  be  replaced  by  tM 
Bohnenberger's  dry  piles,  one  of  which  presents  its  positive  and  the  otheriK 
negative  pole.  Instead  of  two  gold  leaves  there  is  only  one;  the  least  tnn 
of  electricity  causes  it  to  oscillate  either  to  one  side  or  to  the  other,  and  at 
the  same  time  shows  the  kind  of  electricity. 

730.  Tbomaoii's  qnttdrajit  elaiitrametar. — Sir  William  Tbomsoa  has 
devised  a  new  and  delicate  form  of  electrometer,  by  which  accurate  measure- 
ments of  the  amount  of  electrical  charge  may  be  made.  The  principled 
this  instrument  may  be  understood  from  the  following  description  of  a  fbno 
of  it  constructed  for  lecture  purposes  by  Messrs.  Ellioll. 

A  light  flat  broad  alunnnium  needle  (fig.  664)  hangs  by  a  very  fine  *irt 

from  the  inner  coating  of  a  charged   Leydcn  jar,  the   outer  coating  being  in 

conducting  communication  with  the  earth.     The  whole  apparatus  isenrfosed 

(I   n  a  (,1    s  shide  and  the  lir  is  kept  drybymeans  of  a  dish  of  sulphuric 

acid  ;  there  is,  therefore,  ver>'  liitle 

loss  of  electricity,  and  the  needk 

remains    at    a    virtually   con^iaiU 

chaise. 

The  needle  is  suspended  ("'K 
four  quadrantal  metal  plates,  ia- 
sulated  from  each  other  and  fnna 
the  ground  by  resting  on  glw 
rods.  The  alternate  quadranu 
are  in  conducting  communicalii" 
with  each  other  by  means  of  »it>S' 
If  now  all  the  quadrants  are  in  the 
same  electrical  condition,  iheneedle 
will  be  at  rest  when  it  is  ditenlf 
oi-er  one  of  the  diametrical  si"* 
Hut  if  the  two  pairs  of  quadrant  ■ 
are  charged  with  opposite  kinds" 
electricity,  as  when,  for  instan* 
they  are  connected  with  the  1**  •■ 
poles  of  an  insulated  voltaic  cell  hv  i 
means  of  the  knobs,  then  each  ««* 
oflhe  needle  will  be  repelled  by llw  ' 
pair  of  quadrants  which  are  ^^' 
trified  like  itself,  ;md  will  be  allracted  by  the  other  pair.  It  will  thus  '^ 
subject  to  the  action  of  a  couple  tending  10  set  it  obliquely  to  the  slit 
In  order  to  render  the  slightest  motion  of  the  needle  \"' 
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lilver  concave  mirror  with  a  radius  of  about  a  metre  is  fixed  above  it.  The 
light  ofa  petroleum  lamp,  not  represented  in  the  figure,  strikes  against  this, 
and  is  reflected  as  a  spot  on  a  horizontal  scale.  Any  deflection  of  the  needle, 
«ther  on  one  side  or  the  other,  is  indicated  by  the  motion  of  the  spot  of 
light  on  the  scale  (520). 

7S1.  TbomBon'B  abaolnte  elcetrmnator. — Another  class  of  electro- 
meters, also  invented  by  Sir  W.  Thomson,  have  the  advantage  of  fumlBhinu 
■  direct  measure  of  electrical  constants  in  absolute  measure.  Fig.  665 
represents  the  essential  features  of  a  modified  form  of  the  electrometer, 
which  has  been  devised  by  Professor  Foster  for  class  experiments. 

Two  plane  metal  discs  A  and  B,  about  10  cm.  in  diameter,  are  kept  at  a 
distance  from  each  other,  which  is  small  in  proportion  to  their  diameters, 
but  which  can  be  very  accurately  measured.  Out  of  the  centre  of  the  upper 
one  is  cut  a  disc  c;  this  is  suspended  by  insulating  threads  from  one  end  of 
the  arm  a  4  of  a  balance,  at  the  other  end  of  which  is  a  counterpoise,  or  a 
scale  pan/.  At  the  end  of  the  arm  is  a  fork,  across  which  is  stretched  a 
fine  wire ;  when  the  disc  is  exactly  in  the  plane  of  the  circular  band  or  ring 
which  surrounds  it,  and  which  is  called  the  guard  ting,  this  fine  wire  is 
exactly  across  the  interval  between  two  marks  in  the  upright,  nnd  the  posi- 
tion of  which  can  be  accurately  determined  by  means  of  the  lens  C.  The 
disc  and  the  guard  ring  are  kept  at  a  constant  potential,  being  connected  by 
a  wire  with  a  constant  source  of  electricity,  while  the  other  can  be  kept  at 
any  potential. 

Suppose  now  that  the  whole  system  is  at  the  same  potential,  and  that  the 
disc  is  exactly  balanced  so  as  to  be  "  ' 
A  be  electrified  to  a  given 
potential,  while  the  plate 
B  is  connected  with  the 
earth,  then  the  body  charged 
with  electricity  of  higher  po- 
tential—that is,  the  disc— will 
be  urged  towards  the  body 
of  lower  potential,  the  fixed 
plate;  and  in  order  to  retain 
it  exactly  in  the  plane  of  the 
miard  ring  the  force  applied 
at  the  other  end  of  the  lever 
must  be  incrc.iscd.  This 
may  be  done  by  altering  the 
distance  of  the  counterpoise, 
or  by  adding  weights  to  a 
scale  pan,  and  the  additional  weight  thus  applied 

Now,  it  can  be  shown  that  the  attractive  force  between  any  two  plates 
electrified  to  different  potentials  is  proportional  to  the  si|uare  of  the  differ- 
ence of  potentials,  provided  the  distance  between  them  is  small  in  comparison 
with  their  area,  and  that  the  portions  of  the  plates  opposite  each  other  are 
at  some  distance  from  the  edge.  These  conditions  are  fulfilled  in  the  above 
Case.     If  S  is  the  area  of  the  disc,  li  the  distance  of  the  plates,  V- VjtUe 
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difference  of  potentials,  and  F  the  force  required  to  balance  a  certain  attrac- 
tion, then 

P_(V-V,)'S 


for  V  -  o ;  this  is  ^Y^  and  V  -  dj^. 


Now  as  F  is  expressed  by  a  weight,  and  S  and  ^are  measures  of  length,  we 
have  a  means  of  expressing  difference  of  potentials  in  absolute  measure  (709). 

It  is  also  clear  that  the  experiments  may  be  modified  by  making  the 
weight  constant,  and  the  distance  variable.  By  means  of  micrometric 
arrangements  the  distance  of  the  plates  may  be  varied  and  measured  with 
very  great  accuracy. 

782.  Votentlal  and  eapaoitj  of  a  &eydea  Jar. — Let  us  suppose  A  (fig* 
666)  to  represent  an  insulated  metal  sphere,  and  let  us  consider  it  placed 
in  conducting  communication  with  a  source  of,  say,  positive  electricity, 
which  is  supposed  to  be  at  a  constant  potential  V.    Then  its  potential  V  is 

^,  and  its  charge  q  «  VR,  R  being  the  radius  of  the  sphere  A. 

Suppose  pow  it  be  possible  to  surround  this  sphere  by  an  external  con- 
ducting shell  B,  which  is  in  connection  with  the  ground  ;  movements  of 
electricity  will  take  place  ;  a  new  equilibrium  will  be  established,  and  there 
will  now  be  two  electrical  layers — one  on  the  sphere  A,  and  the  other  on  the 
sphere  B.  These  will  have  no  action  on  any  external  point,  which  is  only 
possible  provided  the  charges  are  equal  and  contrary.     If  +  Q  is  the  charge 

on  the  inner  sphere,  then  —  (J  is  that  on  the 
outer  (745). 

The  charge  of  the  original  sphere  is  at 
first  not  altered  by  this  operation,  but  its 
potential  is  less,  its  capacity  being  now 
greater ;  but,  as  it  is  in  contact  with  the 
source,  which  is  constant,  it  receives  fresh 
charges  of  electricity  until  it  is  again  at  the 
potential  of  the  source  V. 

Now  let  us  suppose  that  the  insulating 
layer  which  separates  the  inner  from  ihc 
outer  coating  is  air,  and  that  its  thickness  is 
/  ;  then  the  potential  V  of  the  whole  system  is 
made  up  of  two  parts,  the  first  due  to  the  elec- 
trical charge  of  the  inner  sphere  V  »   -h  A  and  the  second  due  to  the  charge 

of  the  outer  sphere--^,;  that  is,  V-g-Q-Q(^^^-'  or  Q-~r^- 

R'-R       But 


Fig.  665. 


Now,  the  charge  of  the  insulated  sphere  q  «  VR  ;  hence  ?- 


K 


R'-R  is  the  thickness  of  the  dielectric,  which,  for  the  sake  of  simplicity,  ^'^ 
will  suppose  is  air,  and,  calling  this  /,  we  have  -^ « —  ;  that  is,  that  inc 
charge  is  inversely  as  the  thickness  of  the  dielectric. 
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It  is  to  be  observed  that  the  results  here  obtained  apply  strictly  only  to 
the  supposed  case  in  which  the  inner  conductor  is  completely  surrounded  by 
the  outer  one  (745),  which  is  not  the  case  with  the  ordinary  form  of  a  Leyden 
jar.     It  may,  however,  be  applied  to  them  if  we  compare  homologous  jars  ; 

in  the  above  formula  Q  -  ^^^-,  if  R  and  R'  are  nearly  equal,  then  Q  -  ——  - 

•*'^^'  -  ^**^  ,  where  S  is  the  surface  and  /  the  thickness  of  the  dielectric. 
4v/        47r/ 

In  this  formula  —  is  a  constant  for  a   Leyden  jar  of  given  dimensions, 

4?r/ 

and  represents  the  capacity  of  the  jar. 

If  instead  of  air  there  be  a  solid  or  liquid  dielectric,  whose  specific  indue- 

live  capacity  is  «,  the  formula  becomes  Q--    -  — ^.      If  the  dielectric  be 

4ir/      4^* 

fC 

partly  air  and  partly  some  other  material  such  as  glass,  then  if  the  thick- 
ness of  this  latter  is  ^,  Q-      ^^ —     .      The  expression  6  is  sometimes 

written  Z',  and  represents  the  thickness  of  the  layer  of  air  equivalent  to  it  in 

specific  inductive  capacity.     It  is  also  called  the  reduced  thickness, 

VRR'  RR' 

From  the  expression  Q  -  -  ■       _  -  we  get  the  capacity  C  -  — — -  ;   if  R'  is 

R'  —  R  K  — K 

so  great  that  the  value  of  R  in  the  denominator  may  be  disregarded,  we 

get  C  -  R  which  is  the  expression  for  the  capacity  of  an  insulated  sphere 

(739) ;  such  a  sphere  may  indeed  be  regarded  as  a  condenser,  in  which  the 

layer  of  air,  between  it  and  the  sides  of  the  room,  represents  the  dielectric. 

If  a  series  of  «  identical  jars  are  joined  in  surface,  we  have  a  condenser 
whose  capacity  is  equal  to  the  //-fold  capacity  of  a  single  jar. 

If  these  n  jars  are  joined  in  cascade,  the  capacity  of  the  system  is  that  of 
a  single  jar,  the  dielectric  of  which  is  //  times  as  thick. 


THE   ELECTRIC  DISCHARGE. 

783.  Bffeets  of  the  eleotrio  dUotaarir**  —The  recombination  of  the  two 
^earicities  which  constitutes  the  electrical  discharge  may  be  either  con- 
tinuous or  sudden  :  continuous^  or  of  the  nature  of  a  current,  as  when  the 
two  conductors  of  a  Holtz's  machine  arc  joined  by  a  chain  or  a  wire  ;  and 
^udden^  as  when  the  opposite  electricities  accumulate  on  the  surface  of  two 
adjacent  conductors,  till  their  mutual  attraction  is  strong  enough  to  over- 
come the  intervening  resistances,  whatever  they  may  be.  But  the  difference 
between  a  sudden  and  a  continuous  discharge  is  one  of  degree,  and  not  of 
^tind,  for  there  is  no  such  thing  as  an  absolute  non-conductor,  and  the  very 
best  conductors,  the  metals,  offer  an  appreciable  resistance  to  the  passage  of 
electricity.  Still  the  difference  at  the  two  extremes  of  the  scale  is  sufficiently 
Krcat  to  give  rise  to  a  wide  range  of  phenomena. 

Riess  has  shown  that  the  discharge  of  a  battery  does  not  consist  in  a 
Mmple  union  of  the  positive  and  negative  electricity,  but  that  it  cotv%\%V&  q(1  -aL 
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series  of  successive  partial   discharges.    The  direction  of  the  dischai^ 
depends  mainly  on  the  length  and  nature  of  the  circuit.     By  observations  of 
the  image  of  the  spark  in  a  rotating  mirror,  and  of  the  luminous  phenomena 
at  the  positive  and  negative  poles  when  the  discharge  takes  place  in  highly 
rarefied  gases,  as  well  as  by  the  manner  in  which  a  magnet  affects  the  pheno- 
mena of  discharge,  Feddersen  and  Paalzow  have  shown  that  the  dischai^e 
consists  of  a  series  of  oscillating  currents  alternating  in  opposite  directions. 
As  the  resistance  of  the  circuit  increases,  the  number  of  these  alternating 
discharges  decreases,  but  at  the  same  time  their  duration  is  greater.    With 
very  great  resistance — as,  for  instance,  when  a  wet  thread  is  interposed— the 
alternating  discharge  becomes  a  single  one. 

The  phenomena  of  the  discharge  are  conveniently  divided  into  Hct'tpkytto- 
logical^  luminous^  mechanical^  magnetical^  and  chemical  effects. 

784.  "^iTorlL  effected  by  tbe  disoliarre  of  a  Key  den  Jar. — The  work 

required  to  charge  a  Leyden  jar  is  W  =  JQV-  =-v^i  and  from  the 

2        2C 

principle  of  the  conservation  of  energy,  this  stored-up  energy  reappears  when 

the  jar  is  discharged.     This  occurs  partly  in  the  form  of  a  spark,  partly  in  the 

heating  effect  of  the  whole  system  of  conductors  through  which  the  discharge 

takes  place.     When  the  armatures  are  connected  by  a  thick  short  wire,  the 

spark  is  strong  and  the  heating  effect  small :  if,  on  the  contrar)',  the  jar  is 

discharged  through  a  long  fine  wire,  this  becomes  more  heated,  but  the  spark 

is  weaker. 

If  a  series  of  identical  jars  are  each  separately  charged  from  the  same 
source,  they  will  each  acquire  the  same  potential,  which  will  not  be  altered  if 
all  the  jars  are  connected  by  their  inner  and  outer  coatings  respectively. 
The  total  charge  will  be  the  same  as  if  the  battery-  had  been  charged  directly 
from  the  source,  and  its  energy  will  be  W  «  \\nq  «  ^\'^Q  ;  that  is,  the  energ)' 
of  a  batter>'  of ;;  equal  jars  is  the  same  as  that  of  a  single  jar  of  the  same 
thickness  but  of  n  times  the  surface. 

Let  us  consider  two  similar  Leyden  jars  having  respectively  the  capaci- 
ties c  and  c\  and  let  one  of  them  be  charged  to  potential  V  and  let  the  other 
remain  uncharged.  Suppose  now  that  the  inner  and  outer  coatings  of  the 
jars  are  respectively  connected  with  each  other.     Then  the  energy  of  the 

charged  jar  alone  is  \V  =--  \  ^^  ,  and  when  it  is  connected  with  the  other,  the 

c 

original  charge  will  spread  itself  over  the  two,  so  that  the  energ)'  of  the 
charge  in  the  two  jars  is  W  =  '- Hence  W  :  W  ^c-k-c'  \  c\  and  there- 

^  ^  2{C+c'')  ' 

fore,  since  c  +  c'  is  always  greater  than  c,  there  must  be  a  loss  of  energy.  In 
point  of  fact,  when  a  charged  jar  is  connected  with  an  uncharged  one,  a  spark 
passes  which  is  the  equivalent  of  this  loss  of  energy. 

It  follows,  further,  that  when  two  jars  at  different  potentials  arc  united 
there  is  always  a  loss  of  energy. 

If  a  series  of  n  similar  jars  are  joined  in  surface,  and  a  given  charge  of 
electricity  is  imparted  to  them,  the  energ>'  is  inversely  as  thenumber  of  jars; 
but,  when  they  are  charged  from  a  source  of  constant  potential,  the  energy 
is  proportional  to  the  number  of  jars.  If,  however,  the  jars  are  arranged  in 
cascadCi  then  for  a  given  charge  the  energy  is  n  times  that  of  a  single  jar, 
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while  for  a  given  potential  it  is  n  times  smaller.     It  is  sometimes  convenient 
to  arrange  the  jars  in  a  combination  of  the  two  systems. 

785.  Vliysloloirioal  effeeta. — The  physiological  effects  are  those  pro- 
duced on  living  beings,  or  on  those  recently  deprived  of  life.  In  the  first 
case  they  consist  of  a  violent  excitement  which  the  electricity  exerts  on 
the  sensibility  and  contractility  of  the  organic  tissues  through  which  it  passes ; 
and  in  the  latter,  of  violent  muscular  convulsions  which  resemble  a  return 
to  life. 

The  shock  from  the  electrical  machine  has  been  already  noticed  (770). 
The  shock  taken  from  a  charged  Leyden  jar  by  grasping  the  outer  coating 
with  one  hand  and  touching  the  inner  with  the  other,  is  much  more  violent, 
and  has  a  peculiar  character.  With  a  small  jar  the  shock  is  felt  in  the  elbow  ; 
with  a  jar  of  about  a  quart  capacity  it  is  felt  across  the  chest,  and  with  jars 
of  still  larger  dimensions  in  the  stomach. 

A  shock  may  be  given  to  a  large  number  of  persons  simultaneously  by 
means  of  the  Leyden  jar.  For  this  purpose  they  must  form  a  chain  by  join- 
ing hands.  If  then  the  first  touches  the  outside  coating  of  a  charged  jar, 
while  the  last  at  the  same  time  touches  the  knob,  all  receive  a  simultaneous 
shock,  the  intensity  of  which  depends  on  the  charge,  and  on  the  number  of 
persons  receiving  it.  Those  in  the  centre  of  the  chain  are  found  to  receive 
a  less  violent  shock  than  those  near  the  extremities.  The  Abbd  Nollet  dis- 
charged a  Leyden  jar  through  an  entire  regiment  of  1,500  men,  who  all 
received  a  violent  shock  in  the  arms  and  shoulders. 

With  large  Leyden  jars  and  batteries  the  shock  is  sometimes  very  dan- 
Serous.  Priestley  killed  rats  with  batteries  of  7  square  feet  coated  surface, 
and  cats  with  a  battery  of  about  4^  square  yards  coating. 

786.  Anminoas  effects. — The  recombination  of  two  electricities  of  high 

potential  (738)  is  always  accompanied  by  a  disengagement  of  light,  as  is  seen 

wvhen  sparks  are  taken  from  a  machine,  or  when  a  Leyden  jar  is  discharged. 

The  better  the  conductors  on  which  the  electricities  are  accumulated,,  the 

nnore  brilliant  is  the  spark  ;  its  colour  varies  not  only  with  the  nature  of  the 

l>odies,  but  also  with  the  nature  of  the  surrounding  medium  and  with  the 

pressure.     The  spark  between  two  charcoal  points  is  yellow,  between  two 

trails  of  silvered  copper  it  is  green,  between  knobs  of  wood  or  ivory  it  is 

^^rimson.     In  atmospheric  air  at  the  ordinary  pressure  the  electric  spark  is 

white  and  brilliant ;  in  rarefied  air  it  is  reddish  ;  and  in  vacuo  it  is  violet. 

In  oxygen,  as  in  air,  the  spark  is  white ;  in  hydrogen  it  is  reddish,  and  green 

in  the  vapour  of  mercury  ;  in  carbonic  acid  it  is  also  green,  while  in  nitrogen 

H  is  blue  or  purple,  and  accompanied   by  a  peculiar  sound.     Generally 

speaking,   the  higher  the  potential  the  greater  is  the  lustre  of  the  spark. 

U  is  asserted  by  Fusinieri   th.it   in   the  electric  spark  there  is  always  a 

transfer  of  material  particles  in  a  state  of  extreme  tenuity,  in  which  case 

the  modifications  in   colour  must  be  due  to  the  transport  of  ponderable 

'Jiattcr. 

When  the  spark  is  viewed  through  a  prism,  the  spectrum  obtained  is  full 
of  dark  lines  (578),  the  number  and  arrangement  of  which  depend  on  the 
iQaterial  of  which  the  poles  are  made. 

787.  Spark  and  bmsta  dUobarre. — The  shapes  which  luminous  electric 
phenomena  assume  may  be  classed  under  two  heads — the  S'park  ^wxvd  \Xv^ 

H  H3 
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brusk.  The  brush  forms  when  the  electricity  leaves  the  conductor  in  i 
continuous  flow ;  the  spark,  when  the  discharge  is  discontinuous.  The 
formation  of  one  or  the  other  of  these  depends  on  the  nature  of  the  coii' 
ductor  and  on  the  nature  of  the  conductors  in  its  vicinity  ;  and  small  altera- 
tions  in  the  position  of  the  surrounding  conductors  transform  the  one  into 
the  other. 

The  spark  which  at  short  distances  appears  straight,  at  longer  distances 
has  a  zigzag  shape  with  diverging  branches.  Its  length  depends  on  (he 
density  at  the  pari  of  the  conductor  from  which  it  is  taken  ;  and  to  obuin 
the  longest  sparks  the  electricity  must  be  of  as  high  density  as  possible,  bnl 
not  so  high  as  to  discharge  spontaneously.  With  long  sparks  the  luminosity 
is  different  in  different  parts  of  the  spark. 

The  brush  derives  its  name  from  the  radiating  divergent  arrangement 
of  the  light,  and  presents  the  appearance  of  a  luminous  cone,  whose  apet 
touches  the  conductor.  Its  size  and  colour  differ  with  the  nature  and  fonn 
of  the  conductor ;  it  is  accompanied  by  a  pecuhar  hissing  nois^  very 
different  from  the  sharp  crack  of  the  spark.  Its  luminosity  is  far  less  ihan 
that  of  the  spark  ;  for  while  the  latter  can  easily  be  seen  by  daylight,  the 
former  is  only  visible  in  a  darkened  room.  The  brush  discharge  may  be 
obtained  by  placing  on  the  conductor  a  wire  filed  round  at  the  end,  or, 
with  a  powerful  machine,  by  placing  a  small  bullet  on  the  conductor.  The 
mductor  is  less  than  from  a  positive  conductor;  the 
:  has  not  been  satisfactorily  made  out,  but  may 
originate  in  the  fact,  which  Faraday  has  obscr\'ed,  that  negative  electricity 
discharges  into  the  air  at  a  somewhat  lower  denMtjr 
than  positive  electricity ;  so  that  a  negaii\'ely  charged 
knob  sooner  attains  that  density  at  which  spontaneous 
discharge  takes  place,  than  does  a  posilii'ely  charged 
one,  and  therefore  dischaiges  the  electricity  at  smallw 
intervals  and  in  less  quantities. 

When  electricity,  in  virtue  of  its  high  densiij. 
issues  from  a  conductor,  no  other  conductor  beios 
near,  the  discharge  takes  place  without  noise,  and  ai 
the  places  at  which  it  appears  there  is  a  pale  bl« 
luminosity  called  the  electrical  glma,  ax,  on  poinls,* 
star-like  centre  of  light.  It  is  seen  in  the  dark  bj* 
placing  a  point  on  the  conductor  of  the  machine, 

788.  Sleetrie  e»».— The  influence  of  the  pressurt 
of  the  air  on  the  electric  light  may  be  studied  by 
means  of  the  electric  ej^t;.  This  consists  of  an  eliip' 
soidal  glass  vessel  (fig.  667),  with  metal  caps  at  each 
end.  The  lower  cap  is  provided  with  a  stopcock,  W 
that  it  can  be  screwed  into  an  air-pump,  and  alM 
into  a  heavy  metallic  foot.  The  upper  meial  r** 
moves  up  and  down  in  a  leather  siuHing-box ;  the 
lower  one  is  fi\ed  to  the  cap.  A  vacuum  having 
Kin  666.  been  made,  the  stopcock  is  turned,  and  the  vcskI 

screwed   into  its   foot ;    the  upper  part   is  then  Co"' 
nected  with  a  powerful   electrical  machine,  and  the  lower  one  with  'l" 


ground.     On  working  the 
violel  light  continuous  fiom 
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i,  the  slobe  becomes  filled  with  a  feeble 
2  end  10  ihe  other,  and  resulting  from  the 


I 


recomposiiion  of  the  positive  fluid  of  the  upper  cap  with  the  negativf 
the  lower.  If  the  air  be  gradually  allowed  to  enter  by  opening  the  stopcock, 
the  light  now  appears  white  and  brilliant,  and  is  only  seen  as  an  ordinary 
intermittent  spark. 

Some   beautiful  effects  of  the  electric  light  are  obtained  by  mei 
Geissler's  tubes,  which  will  be  noticed  under  Dynamical  Electricity. 

789.  bunlnou  tubs,  aqaare,  uid  botUa. — The  luminous  lube  (fig.  668) 
is  a  glass  tube  about  a  yard  long,  round  which  are  arranged  in  a  spiral  form 
a  series  of  lozenge- shaped  pieces  of  tinfoil,  between  which  are  very  short 
Intervals.  There  is  a  brass  cap  with  hooks  at  each  end,  in  which  the  spiral 
lenninates.  If  one  end  be  pre- 
sented to  a  machine  in  action, 
while  the  other  is  held  in  the  hand, 
sparks  appear  simultaneously  at 
tach  interval,  and  produce  a 
brilliant  luminous  appearance, 
especially  in  the  dark. 

The  luminous  pane  (fig.  669)  is 
constructed  on  the  same  principle, 
■nd  consists  of  a  square  of  ordi- 
nary glass,  on  which  is  fastened  a 
narrow  strip  of  tinfoil  folded 
parallel  to  itself  for  a  great  numbe 
<  f)f  times.  Spaces  are  cut  out  of 
this  strip  so  as  to  represent  any  , 
figure,  a  portico  for  example.  The 
pane  being  fixed  between  two  in- 
(olAting  supports,  the  upper  cxtre- 
miiyof  the  strip  is  connected  with 
Ihe  electrical  machine,  and  the 
lower  part  with  the  ground.   When  '" 

,lhe  machine  is  in  operation,  a  spark  appears  at  each  interval,  and  repro- 
duces in  luminous  flashes  the  object  represented  on  the  glass. 

7ga  MaKtlnr  eSBots. — Besides  being  luminous,  the  electric  spark  is  a 
tource  of  intense  heat.  When  it  passes  through  inflammable  liquids,  as 
ether  or  alcohol,  it  inflames  them.  An  arrangement  for  effecting  this  is 
ITpresented  in  fig.  671.     It  is  a  small  glass  cup  through  the  bottom  of  which 
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passes  a  m«tal  rod,  terminating  in  a  knob  and  fixed  to  a  meta]  foot 
quantity  of  liquid  sufficient  to  cover  the  knob  is  placed  in  the  vesseL  TH^ 
outer  coating  of  the  jar  having  been  connected  with  the  foot  by  means  o^^ 
chain,  the  spark  which  passes  when  the  two  knobs  are  brought  near  e^^ 
other  inflames  the  liquid.  With  ether  the  experiment  succeeds  veryi^f  ( 
but  alcohol  requires  to  be  lirst  warmed. 

Coal  gas  may  also  be  ignited  by  means  of  the  electric  spark.  A  persn 
standing  on  an  insulated  stool  places  one  hand  on  the  conductor  off 
machine  which  is  then  worked,  while  he  presents  the  other  to  the  jet  of  ggf 
issuing  from  a  metallic  burner.  The  spark  which  passes  ignites  the  gat 
When  ahallery  is  discharged  through  an  iron  or  steel  wire  it  becomes  heated, 
and  even  made  incandescent  or  melted  if  the  discharge  is  very  powerful. 

If,  in  dischargingajar,  the  discharge  does  no  other  work,  then  the  whole  of 
the  energy  of  the  charge  (784)  appears  in  the  form  of  heat ;  and  if  ve  divide 
this  by  Joule's  equivalent  (497),  we  have  the  total  heating  due  to  any  chaige^ 
The  laws  of  this  heating  effect  have  been  investigated  independently  by 
Harris  and  by  Riess  by  means  of  the  tlectric  thermometer.     This  is  essenrially 
an  air  thermometer,  across  the  bulb  of  whicb 
is  a  fine  platinum  wire.    When  a  discbarge 
is  passed  through  the  wire  it  becomes  heiitd, 
expands  the  air  in  the  bulb,  and  this  expan- 
sion is  indicated  by  the  motion  of  the  liquid 
along  the  graduated  stem  of  the  th«nn»- 
meter.     In  this  way  it  has  been  found  ib^ 
the  increase  in  temperature  in  the  win  » 
proportional  to  the  square  of  the  quanmy 
of  electricity  divided  by  the  surface— a  result 


Fi^,  «■).  Fig.  670. 

which  follows  from  the  formula  already  given  (784).  Riess  has  also  fou"'' 
that  ■L.-ith  the  same  charf^e,  hut  with  vi'res  of  different  dimension,  the  ft 
0/ temperature  is  inversely  as  the  fourth  pov-er  of  the  diameter.  Thus,  com- 
pared with  a  given  wire  as  unity,  the  rise  of  temperature  in  a  wire  of  double 
or  treble  the  diameter  would  be  j'^  or  ^  as  small :  but  as  the  massM  » 
these  wires  are  four  and  nine  times  as  great,  tkt  heat  prodttetd  voxiA  » 
respectively  \  and  J  as  great  as  in  a  wire  of  unit  thickness. 
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When  an  electric  discharge  is  s 
Cable  of  a  Henley's  discharger,  it  i 
lirections.     But  if  a  wet  string  be  it 
which  ignites  the  powder.    Thi 
:ity  experiences  in  traversing  a 


:nt  through  gunpowder  placed  on  the 

i  not  ignited,  but  is  projected  in  all 

interposed  in  the  circuit,  a  spark  passes 

5  from   the  retardation  which  electri- 

c'lnduetor,  such  as  a  wet  string ;  for 

:be  heating  cfTect  is  proportional  to  the  duration  of  the  discharge. 

When  a  charge  is  passed  through  sugar,  heavy  spar,  fluor-spar,  and  other 
(ubstances,  they  afterwards  become  phosphorescent  in  the  dark.  Eggs, 
niit,  &c>,  may  be  made  luminous  in  the  dark  in  this  way. 

When  a  battery  is  discharged  through  a  gold  leaf  pressed  between  two 
[lass  plates  or  between  two  silk  ribbons,  the  gold  is  volatilised  in  a  violet 
Mwder  which  is  finely  divided  gold.  In  this  way  what  are  called  eUctrie 
\ortrails  are  obtained. 

Siemens  has  shown  that  when  a  jar  is  charged  and  discharged  several 
imes  in  succession  the  glass  becomes  heated.  Hence  during  the  discharge 
Iiere  must  be  movements  of  the  molecules  of  the  glass,  as  Faraday  sup- 
»o»*d  (747) ;  we  have  here,  probably,  something  analogous  to  the  healing 
troduced  in  iron  when  it  is  rapidly  magnetised  and  demagnetised. 
.  iKKCBMlfl    eSeflt*. — By  the  discharge  of  a  large  Leyden 


laid  at  right  angles  to  a  con- 


Mltery,  a  steel  wire  may  be  magnetised  if 

lucting   wire   through   which   the  discharge 

Hfrcted,  either  in  contact  with  the   wire  or  at 

lOme  distance.     And  even  a  steel  bar  or  needle 

nay  be  magnetised  by  placing  it  inside  a  spiral 

a  insulated  copper  wire  A  (fig.  672},  and  passing 

me  or  more  discharges  through  it.     The  polarity 

depends  on  the  direction  in  which  the  electricity 

enters  the  coil,  and  the  way  in  which  the  wire 

is   coiled.     Thus    if  the  jar  is   charged    in    the 

inside  with  positive  electricity,  and  the  direction 

in  which  the  wire  is  coiled  is  thai  in  which  the 

hands  of  a  watch  move,  that  end  at  which  the  positive  electricity 

be  a  south  pole. 

To  effect  a  deflection  of  the  magnetic  needle  by  the  electric  current  pro- 
duced by  frictional  electricity  is  more  difficult.  It  may  be  accomplished 
by  making  use  of  a  galvanometer  consisting  of  400  or  500  turns  of  fine  silk- 
cijvered  wire,  which  is  further  insulated  by  being  coated  with  shellac  varnish, 
and  by  separating  the  layers  by  means  of  oiled  silk.  When  the  prime  con- 
ductor of  a  machine  in  action  is  connected  with  one  end  of  the  galvanometer 
wire,  and  the  other  with  the  ground,  a  deflection  of  the  needle  is  produced. 

793.  lK«oliuil«Bl  effeota. — The  mechanical  eflects  are  the  violent  lacera- 
tions, fractures,  and  sudden  expansions  which  ensue  when  a  powerful  dis- 
charge is  passed  through  a  badly  conducting  substance.  Glass  is  perforated, 
wood  and  stones  arc  fractured,  and  gases  and  liquids  are  violently  disturbed. 
The  mechanical  effects  of  the  electric  spark  may  be  demonstrated  by  a 
nriety  of  experiments, 

Fig.  673  represents  an  arrangement  for  perforating  a  piece  of  glass  or 
card.  It  consists  of  two  glass  columns,  with  a  horizontal  cross-piece,  in 
which  is  a  pointed  conductor,  B.    The  piece  of  glass,  A,  is  phiced  on  an 


710 


Frictional  EUctrieity. 


xm- 


msublitiK  gUss  support,  in  which  is  placed  a  second  conductor,  tenninating 
also  in  a  point,  which  is  connected  with  the  outside  of  the  battery,  while 
the  knob  of  the  inner 
coaling  is  brought  neat 
the  knob  of  B.  Allien 
the  discharge  passes  .be- 
tween the  two  condnctois 
the  glass  is  perfbnted. 
The  experiment  only  suc- 
ceeds with  a  single  jar 
when  tbe  glass  is  very 
thin ;  otherwise  a  battery 
must  be  used. 

The  perturbation  and 
sudden  expansion  which 
the  discharge  prtjduces 
may  be  illustrated  by 
means  of  Kinnersley's 
thermometer.  This  con- 
sists of  two  %\iss  tubes 
(fig.  674),  which  fit  into 
metallic  caps,  and  com- 
"*'  ""■  municate  with  each  other. 

At  the  cnp  nf  the  large  tube  is  a  rod  terminating  in  a  knob,  and  moving  in 
II  siufling-box,  and  at  the  boiiom  there  is  a  similar  rod  with  a  knob.  The 
apparatus  contains  water  up  to 
the  level  of  the  lower  knob. 
When  the  electric  discharge 
passes  between  the  two  knobs, 
the  water  is  driven  out  of  the 
latter  tube  and  rises  to  a  slight 
extent  in  the  small  one.  The 
level  is  immediately  re-estab- 
lished, and  therefore  the  pheno- 
menon is  not  due  to  an  increase 
of  temperature. 

If  the  upper  knob  inside  a 
Kinnersley's  thermometer  be  re- 
placed by  a  point,  and  the  out- 
side knob  is  connected  with  the 
prime  conductor  of  a  machine 
at  work,  the  electricity  dis- 
charges itseK  in  the  form  of  a 
brush,  and  a  permanent  dis- 
placement of  the  liquid  in  the 
stem  shows  that  this  is  due  to 
the  heating  effea  of  the  brush 
discharge. 
Fur  the  production  of  mechanical  efiects  the  universal  discharger  (lig.  6/5) 


fig,  6j3. 
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is  of  ^eat  service.    A  piece  of  wood,  for  instance,  placed  on  the  table  be-  | 
tween  the  two  conductors,  is  split  when  ihe  discharge  passes. 

When  a  Leyden  jar  is  charged  ii  undergoes  a  true  expansion  which  i> 
not  that  due  to  heat.  This  was  shown  by  Quincke, 
one  of  whose  exp«riments  is  represented  in  fig.  675. 
It  consists  of  a  glass  bulb  A  about  3  inches  in  diameter 
at  ihc  end  of  a  narrow  capillary  lube  K,  on  an  enlarge- 
ment in  which  a  platinum  wire  b  is  fused.  The  bulb 
and  a  portion  of  the  stem  contains  a  conducting 
liquid  such  as  water  or  sulphuric  acid,  and  it  is 
placed  in  a  vessel  of  ice-cold  water  k,  which  can  be 
connected  with  the  earth  by  a  conducting  wire  G.  If 
now  this  condenser  is  charged  by  connecting  the  wire 
B  with  an  electrical  machine,  while  G  is  in  connection 
with  the  earth,  there  is  a  distinct  depression  of  the 
liquid  in  the  lube.  WTien  Ihe  jar  is  discharged  the 
liquid  resumes  its  original  level.  Hence  this  cannot 
have  been  due  to  heat,  apart  from  the  fact  that  the 
temperature  was  kept  constant  ;  nor  is  it  due  to  a 
contraction  of  the  thickness  of  the  glass.     The  same  f '«■  *"- 

results  are  obtained  if  the  outer  coating  is  insulated  by  resting  it  on  shellac  T, 
which  in  turn  is  insulated  by  resting  on  a  slab  of  india-rubber,  the  inner 
coating  being  put  10  earth.  Similar  effects  are  observed  with  solid  con- 
densers of  other  materials,  and  also  with  liquids. 

793.  Oiiainio*!  e«BOM.— The  chemical  effects  are  the  decompositions 
and  recombinations  effected  by  the  passage  of  the  electric  discharge.  When 
two  gases  which  act  on  each  other  are  mixed  in  Ihe  proportions  in  which 
ihcy  combine,  a  single  spark  is  often  sufficient  to  determine  iheir  combina- 
tion ;  bat  when  either  of  them  is  in  great  excess,  a  succession  of  sparks  is 
necessary.  Priestley  found  that  when  a  series  of  electric  sparks  was  passed 
through  moist  air,  its  volume  diminished,  and  blue  litmus  introduced  into 
the  vfsscl  was  reddened.  This,  Cavendish  discovered,  was  due  to  the  for- 
mation of  nitric  acid. 

.Several  compound  gases  arc  decomposed  by  the  continued  action  of  the ' 


I 


electric  spark.  With  olefiant  gas,  sulphuretted  hydrogen,  and  ammonia,  thS^ 
decomposition  is  complete ;  while  carbonic  acid  is  partially  decomposed 
into  oxygen  and  carbonic  oxide.     The  electric  discharge  also  by  w  '    " 
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means  can  feebly  decompose  water,  oxides,  and  salts ;  but,  though  the  same 
in  kind,  the  chemical  effects  of  statical  electricity  are  by  no  means  so  powerful 
and  varied  as  those  of  d>'namical  electricity.  The  chemical  action  of  the 
spark  is  easily  demonstrated  by  means  of  a  solution  of  iodide  of  potassium. 
A  small  lozenge-shaped  piece  of  filtering  paper,  impregnated  with  iodide  of 
potassium,  is  placed  on  a  glass  plate,  and  one  comer  connected  with  the 
ground.  When  a  few  sparks  from  a  conductor  charged  with  positive  elec- 
tricity arc  taken  at  the  other  comer,  brown  spots  are  produced,  due  to  the 
separation  of  iodine. 

The  electric  pistol  is  a  small  apparatus  which  serves  to  demonstrate  the 
chemical  effects  of  the  spark.  It  consists  of  a  brass  vessel  (fig.  676),  in 
which  is  introduced  a  detonating  mixture  of  two  volumes  of  hydrogen  and 
one  of  oxygen,  and  which  is  then  closed  with  a  cork.  In  a  tubulure  in  the 
side  there  is  a  glass  tube,  in  which  fits  a  metal  rod,  terminated  by  the 
knobs  A  and  B.  The  vessel  is  held  as  represented  in  fig.  677,  and  brought 
near  the  machine.  The  knob  A  becomes  negatively,  and  B  positively,  elec- 
trilied  by  induction  from  the  machine,  and  a  spark  passes  between  the  con- 
ductor and  A.  Another  spark  passes  at 
the  same  time  between  the  knob  B  and 
the  side  ;  this  determines  the  combination 
of  the  gases,  which  is  accompanied  by  a 
great  disengagement  of  heat,  and  the 
vapour  of  water  formed  acquires  such  an 
expansive  force,  that  the  cork  is  pro- 
jected with  a  report  like  that  of  a  pistol. 
Among  the  chemical  effects  must  be 
enumerated  the  formation  of  ozoni\  which 
is  recognised  by  its  peculiar  odour,  and 
by  certain  chemical  properties.  The 
odour  is  perceived  when  electricity  issues 
from  a  conductor  into  the  air  through 
a  series  of  points.  It  has  been  esta- 
blished that  ozone  is  an  allotropic  modi- 
fication of  oxygen. 

With  these  effects  may  be  associated 
a  certain  class  of  phenomena  observed 
when  gases  are  made  to  act  as  the  dielec- 
tric in  a  charged  Leyden  jar.  \n  appa- 
ratus by  which  this  is  effected  is  repre- 
sented in  fig.  678;  it  is  a  modification 
of  one  invented  by  Siemens.  It  con- 
sists of  a  glass  cylinder  E,  containing 
dilute  sulphuric  acid  ;  a  is  a  glass  tube  closed  at  the  bottom,  and  also  con- 
taining sulphuric  acid,  in  an  enlargement  of  which  at  the  top  the  inner  tube 
e  c  fits.  There  is  a  tube  /,  by  which  gas  enters,  and  one  dt\  by  which  it 
emerges.  When  the  acids  in  E  and  e  are  respectively  connected  with  the 
two  combs  of  a  Holtz's  machine,  or  with  the  two  terminals  of  a  RuhmkorfFs 
coil,  a  certain  condition  or  stnain  (747)  is  produced  in  the  dielectric,  which  is 
known  as  the  silent  discharge  or  the  electric  effluvium.     What  that  condition 


Fig.  677. 
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is  cannot  be  definitely  stated  ;  but  it  gives  rise  in  powerful  nnd  characterislic 
chemical  actions,  often  dllTering  from  those  produced  by  the  spark. 
Ity  this  apparatus  large  quantities  of  oione  may  be  produced. 
794.  AppUoftttoB  «f  tbe  •leotrloat  dUobkrc*  *>  flrlnc  mlnaa. — By  the 
labours  of  Prof.  Abel  in  ihis  couniry,  and  of  Baron  von  Ebner  in  Austria,  the 
electrical  discharge  has  been  applied  to  firing  mines  for  military  purposes, 
atid  the  methods  have  acquired  3  high  degree  of  perfec'ion.  The  principle 
nn  which  the  method  is  based  may  be  understood  from  the  following  stale- 
One  end  of  an  insulated  wire  in  which  is  a  small  break  is  placed  in  con- 
tact with  the  outside  of  a  charged  Leyden  Jar,  the  other  end  beitig  placed 
near  the  inner  coating.  If  now  this  end  be  brought  in  contact  with  the  inner 
coating  the  jar  is  discharged,  and  a  spark  strikes  across  the  break  ;  and 
if  there  be  here  some  explosive  compound  it  is  ignited,  Find  this  ignition 
may  of  course  be  communicated  to  any  gunpowder  in  which  it  is  placed. 
If  on  one  side  of  the  break,  instead  of  having  an  itisulaied  wire  direct 
back  to  the  outer  coating  of  the  Leyden  jar,  an  uncovered  wire  be  led 
mto  the  ground,  the  out- 
side of  the  jar  being  also 
connected  with  the  ground, 
the  result  is  unchanged, 
the  earth  acting  as  a  return 
wire.  Moreover,  if  there 
be  several  breaks,  the  ex- 
plosion will  still  ensue  at 
each  of  them,  provided 
the  charge  be  sufficiently 
powerful. 

In  the  actual  application 
it  is  of  course  necessarj-  to 
have  an  arrangement  for 
Itenerating  frictional  elec- 
tricity which  shall  be  sim- 
ple, portable,  powerful,  and 
capable  of  working  in  any 
weather.  Fig.  679  repre- 
sents a  view  of  Von  Ebner's 
instrument  as  constructed 
bj-  Messrs.  Elliott,  part  of 
the  case  being  removed  10 
iihow  the  internal 


sof  twocircu-  f"'<*  '^'■ 

l»r  plates  of  ebonite,  a,  mounted  on  an  axis  so  that  they  are  turned  by  a 
handle,  A,  between  rubbers,  which  are  so  arranged  as  to  be  easily  removed 
for  ihe  purposes  of  amalgamation,  &c.  Fastened  lo  a  knob  on  the  base  of 
the  apparatus  and  projecting  between  the  plates  is  a  pointed  brass  rod, 
which  acts  as  a  collector  of  the  electricity.  The  condenser  or  Leydi 
»ttangcracnt  is  inside  (he  case,  part  of  which  has  been  removed  Vi  %W»  'Co*. 
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arrangeinenl.  It  consists  of  india-nibber  doth,  coated  on  each  side  with 
tinfoil,  and  formed  into  a  roll  for  the  puqwse  of  greater  compactness. 
By  means  of  s  metal  button  the  knob  ts  in  contact  with  one  tinfoil  coating, 
which  thus  receives  the  electricity  of  the  machine,  and  corresponds  to  the 
inner  coating  of  the  Leyden  jar.  Another  button,  connected  with  the 
other  tinfoil  coating,  rests  on  a  brass  band  at  the  base  of  the  apparatus 
which  is  in  metallic  contact  with  the  cushions,  the  knob  d,  and  the  per- 
forated knob  in  which  slides  a  rod  at  the  front  of  the  apparatus.  These 
are  all  in  connection  with  the  earth.  The  knob  e  is  in  metallic  connection 
with  a  discf,  provided  with  a  light  arm.  By  means  of  a  flexible  chain  this 
is  so  connected  with  a  trigger  on  the  side  of  the  ap- 
paratus not  represented  in  the  figure,  that  when  the 
trigger  is  depressed,  the  arm,  and  therewith  the  knob  «, 
is  brought  into  contact  with  the  inner  coating  of  the 

On  depressing  the  trigger,  afker  a  certain  number 
of  turns,  a  spark  passes  between  the  knob  e  and  the 
sliding  rod,  and  the  striking  distance  is  a  measure  of 
the  working  condition  of  the  instrument. 

The  fuse  used  is  known  as  Abcfs  electrical  fuse,  and 
has  the  following  construction  ; — The  ends  of  two  line 
copper  wires  (tig.  68o)  are  imbedded  in  a  thin  solid 
.  guin  percha  rod,  parallel  to  each  other,  but  at  a  dis- 
\  tancc  of  about  i  5  mm.  At  one  end  of  the  gutta-percha 
a  small  cip  of  paper  c  c,  is  fastened,  in  which  is  placed 
a  small  quantity  of  ihc  priming  composition,  which  con- 
sists of  an  mtimate  mixture  of  subsulphide  of  copper, 
subphosphidc  of  copper,  and  chlorate  of  potassium. 
The  paper  is  fastened  dott'n  so  that  the  exposied  ends  of 
the  wires  are  in  close  contact  with  the  powder. 

This  IS  the  actual  fuse  ;  for  service  the  capped  end  of 
the  fuse  is  placed  in  a  perforation  in  the  rounded  head 
of  a  uooden  cylinder,  so  as  to  project  slightly  into  the 
cavity  ff  of  the  cylinder.  This  cavity  is  filled  with  meal 
powder  which  is  well  rammed  down,  so  that  the  fuse  is 
firmly  imbedded.  It  is  aftem-ards  closed  by  a  plug  of 
gutta  percha,  and  the  whole  is  finally  coated  with  black 

The  free  ends  of  the  wire  a  a  are  pressed  into  small 
groo\es  in  the  head  of  the  cylinder  (l^g.  681},  and  each 
end  is  bent  into  one  of  the  small  channels  with  which  the 
cjlinder  is  provided,  and  which  are  at  right  angles  to 
the  centril  perforation.  They  are  wedged  in  here  by 
drnmg  m  small  copper  tubes,  the  ends  of  which  are 
then  tiled  flush  with  the  surface  of  the  cylinder.  The 
bared  ends  of  two  insulated  conducting  wires  are  then 
pressed  into  one  of  the  small  copper  tubes  or  eyes,  and 
i\ed  there  by  bending  the  wire  round  on  to  the  wood,  as  shown  at  *. 

The  conducting  wire  used  in  firing  may  be  thin,  but  it  must  be  well 
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insulated.  One  end,  which  is  bared,  having  been  pressed  inin  [he  hole  d 
of  the  fuse  (fig.  680),  ihe  other  is  placed  near  the  exploder.  In  ihe  other 
hole  d"  of  the  fuse  s.  wire  is  pliiced  which  serves  as  earth  wire,  care  being 
taken  that  there  is  no  connection  between  the  two  wires.  The  fuse  having 
been  inlroduced  into  ihe  charge,  the  earth  wire  is  placed  in  good  connection 
with  the  ground.  The  knob  /  of  the  exploder  is  also  connected  with  the 
tarih  by  leading  Ihe  bare  wire  into  water  or  mojst  earth,  and  the  condi. 
tion  of  the  machine  tested.  The  end  of  the  insulated  wire  is  then  connected 
wilh  the  knob  e  and  the  rod  drawn  down  ;  at  Ihe  proper  signal  Ihe  handle 
is  lumed  the  requisite  number  of  limes,  and  when  the  signal  is  given  the 
■rigger  is  depressed,  and  the  explosion  ensues, 

When  a  number  of  charges  are  10  be  fired  ihey  are  best  placed  in  a  single 
circuit,  care  being  laken  that  the  insulation  is  good. 

79;.  nnraUon  of  the  eleotrlo  mpark. — Wheatstone  measured  the  dura- 
tion of  the  electric  spark  by  means  of  the  rotating  mirror  which  he  invented 
for  this  purpose.  At  some  distance  from  ihis  instrument,  which  can  be  made 
lo  rotate  wiih  a  measured  velocity,  a  Leyden  jar  is  so  arranged  ihal  ihe 
spark  of  lis  dischai^e  is  reflected  from  the  mirror.  Now,  from  the  laws  of 
rerteciion  (550)  Ihe  image  of  ihe  luminous  point  describes  an  arc  of  double 
the  number  of  degrees  which  the  mirror  describes,  in  the  lime  in  which  the 
mirror  passes  from  the  position  in  which  the  image  is  visible  to  that  in  which 
It  ceases  to  be  so.  If  the  duration  of  the  Image  were  absolutely  instanta- 
neous ihe  arc  would  be  reduced  to  a  mere  point.  Knowing  ihe  number  of 
turns  which  the  mirror  makes  in  a  second,  and  measuring,  by  means  of  a 
divided  circle,  the  number  of  degrees  occupied  by  the  image,  ihe  duration  of 
the  spark  would  be  determined.  In  one  experiment  Wheatsione  found  ihat 
this  arc  was  24°.  Now,  in  the  time  in  which  the  mirror  traverses  360° 
the  itnage  traverses  710° ;  but  in  the  experiment  the  mirror  made  Boo  turns 
in  a  second,  and  therefore  the  image  traversed  576,000° in  ihis  time  ;  and, as 
the  arc  was  14°,  ihe  image  must  have  lasted  Ihe  time  expressed  by  jjijns  "'' 
»ioso  "^  ^  second.  Thus  ihc  discharge  is  not  instantaneous,  but  has  a  certain 
duration,  which,  however,  is  excessively  short, 

Feddcrsen  found  that  when  greater  resistances  were  interposed  in  the 
circuit  through  which  ihe  discharge  was  effected,  the  duration  oi  Ihe 
spark  was  increased.  With  a  tube  of  water  9  mm.  in  length,  ihe  spark 
lasted  O'ooi4  second  ;  and  with  one  of  180  mm.  its  duration  was  O'oi83 
seconcL  The  duration  increased  also  with  the  striking  distance,  and  with 
the  dimensions  of  the  battery. 

To  determine  the  duration  of  the  electric  sp.irk  Lucas  and  Caiin  used  a 
method  by  which  it  may  be  measured  in  millionths  of  a  second.  The 
tnelhod  is  an  application  otthe  vernier  (to).  A  disc  of  mica  15  centimetres 
>n  diameter  is  blackened  on  one  face,  and  at  the  edge  are  traced  iSo  equal 
divisions  in  very  tine  transparent  lines.  The  disc  is  mounted  on  a  horizontal 
axis,  and  by  means  of  a  gas  engine  it  may  be  made  to  turn  with  a  velocity  of 
loo  to  300  turns  in  a  second.  A  second  disc  of  silvered  glass  of  Ihe  same 
radius  is  mounted  on  the  same  axis  as  the  other  and  very  close  to  it  ;  at 
its  upper  edge  six  equidistant  transparent  lines  are  traced,  forming  a  vernier 
■iih  the  lines  on  the  mica.  For  this,  ihc  distance  belween  l^ 
les  on  ihe  two  discs  is  such  that  five  divisions  of  the  mica  disc  UC  c' 
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spond  to  six  divisions  ofihe  ^las 
vernier  gives  ihe  sixths  of  a 


disc  AB,  as  seen 
.ivision   of    the    n 
apparatus  the  lin< 
lines  CU,  but 
from  the  axis,  si 


1  fig.  681.    Thus  the 

I  disc  (10).    In  the 

AB  ate  not  above  the 

It  the  same  distance 

o  that  Ihe  latter  coincide 

sively  with  the  former. 

The  mica  disc  is  contained  in  a  biasf 

box  D  {fig.  683),  on  the  hinder  face  of 

i\'hich  is  fixed  the  vernier.     In  the  front 

face  is  a  glass  window  O,  through  which  the  coincidence  of  the  two  set$  af 

lines  can  be  observed  by  means  of  a  magnifying  lens  U 

The  source  of  electricity  is  a  battery  of  2  to  8  jars,  each  having  a.  coated 
surface  of  1,143  square  centimetres,  and  charged  continuously  by  a  Haiti's 
machine.  The  sparks  strike  between  two  metal  balls  a  and  d,  1 1  millimetres 
in  diameter.    Their  distance  can  be  varied,  and  at  the  same  time  measured, 


by  means  of  a  micromeirtc  screw 
by  wires  m  and  n,  and  the  sparks ; 
lens  placed  in  the  collimator  C,  S' 
parallel. 

The  motion  is  transmitted  to  the  toothed  wheels  and  to  the  mica  disc  by 


',  T.  The  two  opposite  electricities  arrive 
itrike  at  the  principal  focus  of  a  condensing 
o  thai  the  rays  which  fall  on  the  \*emier  are 
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means  of  an  endless  band,  which  can  be  placed  on  any  one  of  three  pulleys 
P»  so  that  the  velocity  may  be  varied.  At  the  end  of  the  axis  of  the  pulleys 
b  a  bent  wire  which  moves  a  counter,  V,  that  marks  on  three  dials  the 
number  of  turns  of  the  disc. 

These  details  being  premised,  suppose  the  velocity  of  the  disc  is  400 
turns  in  a  second.  In  each  second  400  x  180  or  72,000  lines  pass  before  the 
observer's  eye  in  each  second  ;  hence  an  interval  of  y^J^  of  a  second  elapses 
between  two  consecutive  lines.  But  as  the  spark  is  only  seen  when 
one  of  the  lines  of  the  disc  coincides  with  one  of  the  six  lines  of  the  ver- 
nier ;  and  as  this  gives  sixths  of  a  division  of  the  movable  disc,  when  the 
latter  has  turned  through  a  sixth  of  a  division,  a  second  coincidence  is 
produced ;    so  that  the  interval  between  two  successive    coincidences  is 

-p  -0-0000023  of  a  second. 

72000  X  6 

That  being  the  case,  let  the  duration  of  a  spark  be  something  between 
23  and  46  ten-millionths  of  a  second  ;  if  it  strikes  exactly  at  the  moment  of 
a  coincidence,  it  will  last  until  the  next  coincidence  ;  and  owing  to  the  per- 
sistence of  impressions  on  the  retina  (625)  the  observer  will  see  two  luminous 
lines.  But  if  the  spark  strikes  between  two  coincidences  and  has  ceased 
when  the  third  is  produced,  only  one  brilliant  line  is  seen.  Thus,  if  with  the 
above  velocity  sometimes  i  and  sometimes  2  bright  lines  are  seen,  the  dura- 
tion of  the  spark  is  comprised  between  23  and  46  ten-millionths  of  a  second. 

By  experiments  of  this  kind,  with  a  striking  distance  of  5  millimetres 
between  the  balls  a  and  by  and  varying  the  number  of  the  jars,  MM.  Lucas 
and  Cazin  obtained  the  following  results  : — 


Number  of  jars 


Duration  in 

millionth^  of 

a  second. 

26 


4  41 

6  45 

8  47 

It  will  thus  be  seen  that  the  duration  of  the  spark  increases  with  the 
number  of  jars.  It  also  increases  with  the  striking  distance  ;  but  it  is  inde- 
pendent of  the  diameter  of  the  balls  between  which 
the  spark  strikes. 

The  spark  of  electrical  machines  has  so  short  a 
duration  that  it  could  not  be  measured  with  the 
chronosco]>e. 

796.  Velooltj  of  eleotrieltj'. — To  determine  the 
velocity  of  electricity  Wheatstone  constructed  an 
apparatus  the  principle  of  which  will  be  understood 
from  fig.  684.  Six  insulated  metal  knobs  were  ar- 
ranged in  a  horizontal  line  on  a  piece  of  wood  called 
a  spark  board  \  of  these  the  knob  i  was  connected 
with  the  outer,  while  6  could  be  connected  with  the 
inner  coating  of  a  charged  Leyden  jar ;  the  knob  i  was  a  tenth  of  an  inch 
distant  from  the  knob  2  ;  while  between  2  and  3  a  quarter  of  a  mile  of 
insulated  wire  was  interposed  :  3  was  likewise  a  tenth  of  an  inch  from  4, 
and  there  was  a  quarter  of  a  mile  of  wire  between  4  and  5  ;  lastly,  ^  ^^^  ^ 
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tenth  of  an  inch  from  6,  from  which  a  wire  led  directly  to  the  outer  coating 
of  the  Leyden  jar.  Hence,  when  the  jar  was  discharged  by  connecting  the 
wire  from  6  with  the  inner  coating  of  the  jar,  sparks  would  pass  between  i 
and  2y  between  3  and  4,  and  between  5  and  6.  Thus  the  discharge,  suppos- 
ing it  to  proceed  from  the  inner  coating,  has  to  pass  in  its  course  through  a 
quarter  of  a  mile  of  wire  between  the  first  and  second  spark,  and  through 
the  same  distance  between  the  second  and  third. 

The  spark  board  was  arranged  at  a  distance  of  10  feet  from  the  rotating 
mirror,  and  at  the  same  height,  both  being  horizontal ;  and  the  observer 
looked  down  on  the  mirror.  Thus  the  sparks  were  visible  when  the  mirror 
made  an  angle  of  45°  with  the  horizon. 

Now,  if  the  mirror  were  at  rest  or  had  only  a  small  velocity,  the  images 
of  the  three  sparks  would  be  seen  as  three  dots  \ ,  but  when  the  mirror  had 
a  certain  velocity  these  dots  appeared  as  lines,  which  were  longer  as  the 
rotation  was  more  rapid.  The  g^reatest  length  observed  was  24%  which, 
with  800  revolutions  in  a  second,  can  be  shown  to  correspond  to  a  duration 
of  ^^  of  a  second.  With  a  slow  rotation  the  lines  present  the  appearance 
Z=zz: ;  they  are  quite  parallel,  and  the  ends  in  the  same  line.  But  with 
greater  velocity,  and  when  the  rotation  took  place  from  left  to  right,  they 
presented  the  appearance  "".  and  when  it  turned  from  right  to  left 

the  appearance  Z^^^E~  >  because  the  image  of  the  centre  spark  was  formed 
after  the  lateral  ones.  Wheatstone  found  that  this  displacement  amounted 
to  half  a  degree  before  or  behind  the  others.     This  arc  corresponds  to  a 

duration  of orTT^JoPJo  of  a  second  :  the  space  traversed  in  this 
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time  being  a  quarter  of  a  mile,  gives  for  the  velocity  of  electricity  288,000 
miles  in  a  second,  which  is  greater  than  that  of  light.  The  velocity  of 
dynamical  electricity  is  far  less  ;  and,  owing  to  induction,  the  transmission 
of  a  current  through  submarine  wires  is  comparatively  slow. 

In  the  above  experiment  the  images  of  the  two  outer  sparks  appear 
simujtaneously  in  the  mirror,  from  which  it  follows  that  the  electric  current 
issues  simultaneously  from  the  two  coatings  of  the  Leyden  jar. 

From  theoretical  considerations  based  upon  measurements  of  constant 
electrical  currents  Kirchoff  concluded  that  the  motion  of  electricity  in  a  wire 
in  which  it  meets  with  no  resistance  is  like  that  of  a  wave  in  a  stretched 
string,  and  has  the  velocity  of  192,924  miles  in  a  second,  which  is  about  that 
of  light  in  vacuo  (507). 

According  to  Walker,  the  velocity  of  electricity  is  18,400  miles,  and  ac- 
cording to  Fizeau  and  Gounelle,  it  is  62,100  miles  in  iron,  and  111,780  in 
copper  wire.  These  measurements,  however,  were  made  with  telegraph  wires, 
which  induce  opposite  electricities  in  the  surrounding  media ;  there  is  thus 
produced  a  resistance  which  diminishes  the  velocity.  The  velocity  is  less 
in  insulated  wires  in  water  than  in  air.  The  nature  of  the  conductor  appears 
to  have  some  influence  on  the  velocity ;  but  not  the  thickness  of  the  wire, 
nor  the  potential  of  the  electricity. 

For  atmospheric  electricity,  reference  must  be  made  to  the  chapter  on 
Meteorology. 
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BOOK  X. 
DYNAMICAL  ELECTRICITY. 


CHAPTER   I. 

VOLTAIC  PILE.      ITS  MODIFICATIONS. 

797.  OalTftal'a  ezparlBMnt  knd  tbaoir. — The  fundamental  experiment 
vhich  led  to  the*  discovery  of  dynamical  electriciiy  is  due  to  Galvani,  pro- 
fessor of  anatomy  in  Bologna.  Occupied  with  investigations  on  the  in- 
fluence of  electricity  on  the  nervous  excitability  of  animals,  and  especially  of 
the  frog,  he  observed 
diat  when  the  lutn- 
bar  nerves  of  a  dead 
frog  were  connected 
with  the  crural  mus- 
cles by  a  metallic 
circuit,  the  latter  be- 
came briskly  con- 
tracted. 

To  repeal  this 
celebrated  experi- 
ment, the  legs  of  a 
recently  killed  fr<% 
are  prepared,  and 
the  lumbar  nerves 
on  each  side  of  the 
vertebral  column  are 
exposed  in  the  form 
of  white  threads. 
A  metal  conductor, 
composed  of  zinc 
and  copper,  is  then 
taken(tig.  68;),  andonecndiniroduced  between  the  nerves  and  the  vertebral 
cdumn,  while  the  other  touches  one  of  the  muscles  of  the  thighs  or  legs  ; 
at  each  contact  a  smart  contraction  of  the  muscles  ensues. 

Galvani  had  some  time  before  observed  that  the  electricity  of  machines 
produced  in  dead  frogs  analogous  contractions,  and  he  allributed  the  pheno- 
mena first  described  to  an  electricity  inherent  in  the  animal.     He  assumed 


ng.  68,. 
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that  this  electricity,  which  he  called  vital  fluids  passed  from  the  neives  to 
the  muscles  by  the  metallic  arc,  and  was  thus  the  cause  of  contraction. 
This  theory  met  with  great  support,  especially  among  physiologists,  but  it 
was  not  without  opponents.  The  most  considerable  of  these  was  Alexander 
Volta,  professor  of  physics  in  Pavia. 

798.  Volta*s  fundamental  ezpeiiment. — Galvani's  attention  had  been 
exclusively  devoted  to  the  ner\'es  and  muscles  of  the  frog;  Volta*s  was 
directed  upon  the  connecting  .metal.  Resting  on  the  observation,  which 
Galvani  had  also  made,  that  the  contraction  is  more  energetic  when  the  con- 
necting arc  is  composed  of  two  metals,  than  when  there  is  only  one,  Volta 
attributed  to  the  metals  the  active  part  in  the  phenomenon  of  contraction. 
He  assumed  that  the  disengagement  of  electricity  was  due  to  their  contact, 
and  that  the  animal  parts  only  officiated  as  conductors,  and  at  the  same 
time  as  a  very  sensitive  electroscope. 

By  means  of  the  condensing  electroscope,  which  he  had  then  recently 
invented,  Volta  devised  several  modes  of  showing  the  disengagement  of 
electricity  on  the  contact  of  metals,  of  which  the  following  is  the  easiest  to 
perform  : — 

The  moistened  finger  being  placed  on  the  upper  plate *of  a  condensing 
electroscope  (fig.  662),  the  lower  plate  is  touched  with  a  plate  of  copper,  r, 
soldered  to  a  plate  of  zinc,  r,  which  is  held  in  the  other  hand.  On  breaking 
the  connection  and  lifting  the  upper  plate  (fig.  663),  the  gold  leaves  diverge, 
and,  as  may  be  proved,  with  negative  electricity.  Hence,  when  soldered 
together,  the  copper  is  charged  with  negative  electricity,  and  the  zinc  with 
positive  electricity.  The  electricity  could  not  be  due  either  to  friction  or 
pressure  ;  for  if  the  condensing  plate,  which  is  of  copper,  is  touched  with 
the  zinc  plate  2,  the  copper  plate  to  which  it  is  soldeied  being  held  in  the 
hand,  no  trace  of  electricity  is  observed. 

A  memorable  controversy  arose  between  Galvani  and  Volta.  The  latter 
was  led  to  give  greater  extension  to  his  contact  theory,  and  propounded  the 
principle  that  when  tufo  heterogeneous  substances  are  placed  in  contact^omt 
of  them  alnuays  assumes  the  positive  and  the  other  the  negative  electrical 
condition.  In  this  form  Volta's  theory  obtained  the  assent  of  the  principal 
philosophers  of  his  time.  Galvani,  however,  made  a  number  of  highly  in- 
teresting experiments  with  animal  tissues.  In  some  of  these  he  obtained 
indications  of  contraction,  even  though  the  substances  in  contact  were  quite 
homogeneous. 

799.  Blsengaffement  of  eleotrioitj  in  obemioal  actions. —  The  contact 
theory  which  Volta  had  propounded,  and  by  which  he  explained  the  action 
of  the  pile,  soon  encountered  objectors.  Fabroni,  a  countryman  of  Volta, 
having  observed  that,  in  the  pile,  the  discs  of  zinc  became  oxidised  in  contact 
with  the  acidulated  water,  thought  that  this  oxidation  was  the  principal 
cause  of  the  disengagement  of  electricity.  In  England  Wollaston  soon 
advanced  the  same  opinion,  and  Davy  supported  it  by  many  ingenious 
experiments. 

It  is  true  that  in  the  fundamental  experiment  of  the  contact  theory  (798) 
Volta  obtained  signs  of  electricity.  But  De  la  Rive  showed  that  if  the  zinc 
be  held  in  a  wooden  clamp,  all  signs  of  electricity  disappear,  and  that  the 
same  is  the  case  if  the  zinc  be  placed  in  gases,  such  as  hydrogen  or  nitrogen, 
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which  exert  upon  it  no  chemical  action.  De  la  Rive  accirdingly  concluded 
•fitax.  in  Voha's  original  esperimenl  the  disengagement  of  electricity  is  due  to 
'4he  chemical  actions  which  result  from  the  perspiration  and  from  the  oxygeti 
ri>f  the  atmosphere. 

The  development  of  electricity  in  chemical  actions  may  be  demonstrated 

in  the  following  manner  by  means  of  the  condensing  electroscope  (786)  :— A 
^isc  of  moistened  p^pcr  is  placed  on  the  upper  plate  of  the  condenser,  and 
iQn  this  a  zinc  capsule,  in  which  some  very  dilute  sulphuric  acid  is  poured.  A 
^platinum  wire,  communicating  with  the  ground,  but  insulated  from  the  sides 
^  the  vessel,  is  immersed  in  the  iiqaid,  and  at  the  same  time  the  lower  plate 
ijOf  the  condenser  is  also  connected  with  the  ground  by  touching  it  with  the 

moistened  finger.    On  breaking  contact  and  removing  th?  upper  plate,  the 

gold  leaves  are  found  to  be  positively  electrified,  proving  that  the  upper 

pUte  has  received  a  charge  of  negative  electricity. 

I  By  a  variety  of  analogous  experiments  it  may  be  shown  that  various 
diemical  actions  are  accompanied  by  a  disturbance  of  the  electrical  equili- 
])rium  ;  though  of  all  chemical  actions  those  between  metals  and  liquids  are 

the  most  productive  of  eleciricity.  All  the  various  resultant  effects  are  in 
'accordance  with  the  general  rule,  that  when  a  liquid  acts  chemically  on  a 
.jneial  the  liquid  assumes  the  positive,  and  the  metal  the  negative,  con. 
\  dition.  In  the  above  experiment  the  sulphuric  acid,  by  its  action  on 
Iflnc,  becomes  positively  electrified,  and  its  eleciricity  passes  off  through 
|,Ihc  platinum  wire  into  the  ground,  while  the  negative  electricity  excited 
I  on  the  line  acts  on  the  condenser  just  as  an  excited  rod  of  sealing-wax 
I  would  do. 

In  many  cases  the  electrical  indications  accompanying  chemical  actions 

«re  bul  feeble,  and  require  the  use  of  a  very  delicate  electroscope  to  render 

them  apparent.    Thus,  one  of  ihe  most  energetic  chemical  actions,  that  of 

■ulphuric  acid  upon  zinc,  gives  no  more  free  electricity  than  water  alone  does 
I  with  line. 

I,  Opinion —which,  in  this  country  at  least,  had.  mainly  by  the  influence  of 
i,  Faraday's  expenmenis,  tended  in  favour  of  the  purely  chemical  origin  of 
I  dw  electricity  produced  in  voltaic  action — has  of  late  inclined  more  and  more 

towards  the  contact  theory.  The  following  experiments  due  to  Sir  W. 
uTbomson,  alTord  perhaps  the  most  conclusive  arguments  hitherto  adduced 
I  In  favour  of  the  latter  view  :— 

A  very  light  meial  bar  was  suspended  by  a  fine  wire  so  as  to  be  movable 
^aboui  an  axis,  [>erpcndicular  to  the  plane  of  a  ring  made  up  of  two  halves, 

one  of  copper  and  the  other  of  zinc.    When  the  two  halves  of  the  ring  were 

■'\a  coinaci,  or  were  soldered  together,  the  light  bar  turned  from  the  copper 
■  to  (he  tine  when  it  was  negatively  electrified,  and  from  the  zinc  to  the  copper 
'  when  it   was  positively  electrified,  thus  showing  that  the  contact  of  the  two 

Dietals  causes  them  lo  assume  different  electrical  conditions,  the  zinc  taking 

the  positive,  and  the  copper  the  negative  eleciricity. 

I  When,  however,  the  two  halves,  instead  of  being  in  metallic  contact,  were 
.connected  by  a  drop  of  water,  no  change  was  produced  in  the  position  of  the 
!  bv  by  altering  its  electrification,  provided  it  hung  quite  symmetrically  re- 
'  Jdtivo  to  the  two  halves  of  the  ring.    This  result  shows  that,  under  the  cir- 

cuiiislances  mentioned,  no  difference  is  produced  in  the  elecltwjA  coaSVnfie 
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of  the  two  metals.  Hence  the  conclusion  has  been  drawn  by  Sir  W.  Thom- 
son and  others,  that  the  movement  of  electricity  in  the  galvanic  circuit  is 
entirely  due  to  the  electrical  difference  produced  at  the  surfaces  of  contact  of 
the  dissimilar  metals.  These  results  have  been  confirmed  by  some  recent 
very  careful  experiments  by  Professor  Clifton. 

There  are,  however,  other  facts  which  are  not  easily  harmonised  with 
this  view ;  and  indeed  the  last-mentioned  experiment  can  hardly  be  regarded 
as  proving  that  in  all  cases  two  different  metals  connected  by  an  clectroI>'tic 
?'8i6)  liquid,  assume  the  same  electrical  condition.  It  may,  therefore,  still 
be  regarded  as  possible,  or  even  probable,  that  the  contact  between  the 
metals  and  the  liquids  of  a  cell  contributes,  at  least  in  some  cases,  to  the 
production  of  the  current. 

An  instructive  discussion  of  this  question,  with  some  additional  experi- 
mental evidence  in  favour  of  the  chemical  theor>',  will  be  found  in  a  paper  by 
Dr.  Fleming,  published  in  the  *  Proceedings  of  the  Physical  Society'  (Taylor 
and  Francis). 

800.  Carrent  eleotrtoltj- — When  a  plate  of  zinc  and  a  plate  of  copper  are 
partially  immersed  in  dilute  sulphuric  acid,  no  electrical  or  chemical  change 
is  aj)parcnt  beyond  perhaps  a  slight  disengagement  of  hydrogen  from  the 

surface  of  the  zinc  plate.  If  now  the  plates  are 
placed  in  direct  contact,  or,  more  conveniently, 
are  connected  by  a  metal  wire,  the  chemical 
action  sets  in,  a  large  quantity  of  hydrogen  is 
disengaged  ;  but  this  hydrogen  is  no  longer  dis- 
engaged at  the  surface  of  the  zinc,  but  at  the 
surface  of  the  copper  plate.  Here  then  we  have 
to  deal  with  something  more  than  mere  chejnicil 
action,  for  chemical  action  would  be  unable  to 
explain  either  the  increase  in  the  quantity  of 
hydrogen  disengaged  when  the  metals  touch,  or 
the  fact  that  this  hydrogen  is  now  given  offal 
the  surface  of  the  copper  plate.  At  the  same 
time,  if  the  wire  is  examined  it  will  be  found  to  possess  many  remarkable 
thermal,  magnetic,  and  other  properties  which  will  be  afterwards  described. 
In  order  to  understand  what  here  takes  place,  let  us  suppose  that  we  have 
two  insulated  metal  spheres,  and  that  one  is  charged  with  positive  and  the 
other  with  negative  electricity,  and  that  they  are  momentarily  connected  by 
means  of  a  wire.  Electricity  will  pass  from  a  place  of  higher  to  a  place  of 
lower  potential — that  is,  from  the  positive  along  the  wire  to  the  negative- 
and  the  potentials  become  equal.  This  is,  indeed,  nothing  more  than  ^ 
electrical  discharge  taking  place  through  the  wire  ;  and  during  the  infinitely 
short  time  in  which  this  is  accomplished,  it  can  be  shown  that  the  wire 
exhibits  certain  heating  and  magnetising  effects,  of  which  the  increase  of 
temperature  is  perhaps  the  easiest  to  obser\'e.  If  now  we  can  imagine  some 
agency  by  which  the  different  electrical  conditions  of  the  two  spheres  arc 
renewed  as  fast  as  they  are  discharged,  which  is  what  very  nearly  takes 
place  when  the  two  spheres  are  respectively  connected  with  the  two  con- 
ductors r  and  r^^  of  a  Holtz's  machine  (figs.  633,  634),  this  equalisation  <>^ 
potentials,  thus  taking  place,  is  virtually  continuous,  and  the  phenomena 
above  mentioned  are  a\so  eotvutvwciws. 


js  what  takes  place  when  the  two  metals  are  in  contact  in  a 

upon  them  unequally.     This  is  independent  of  hypothesis 

^  phenomena  ;  whether  the  electrical  difference  is  only 

lent  of  contact  of  the  metals,   or   whether  it  is  due 

.ion,  or  tendency  to  chemical  action,  between  the  metal 

.  he  rapidly  succeeding  series  of  equalisations  of  potential 

.ce  in  the  wire  being  continuous,  so  long  as  the  chemical 

es,  is  what  is  ordinarily  spoken  of  as  the  electrical  current. 

resent  by  +  ^  the  potential  of  the  copper  plate,  and  by  -  e  the 

»{  the  zinc,  then  the  electrical  difference — that  is,  the  difference  of 

s — is  ■¥€-{  — e)^  2e.    And  this  is  general ;  the  essential  point  of  any 

jmbination  as  the  above  is,  that  it  maintains,  or  tends  to  maintain,  a 

.ence  of  potentials,  which  difference  is  constant.     If,  for  instance,  the 

.c  plate  be  connected  with  the  earth  which  is  at  zero  potential,  its  potential 

cdso  becomes  zero  ;  and  since  the  electrical  difference  remains  constant,  we 

have  for  the  potential  of  the  copper  plate  +  2e.     Similarly,  if  the  copper  be 

connected  with  the  earth  the  potential  of  the  zinc  plate  is  negative  and  is 

The  conditions  under  which  a  current  of  electricity  is  fonned  in  the  above 

experiment  may  be  further  illustrated  by  reference  to  the  conditions  which 

determine  the  flow  of  water   between  two  reservoirs   containing  water   at 

diflerent  levels.     If  they  arc  connected  by  a  pipe,  water  will  flow  from  the 

one  at  a  higher  level  to  the  one  at  a  lower  level  until  the  water  in  the  two  is  at 

the  same  level  in  both,  when  of  course  the  flow  ceases.     If  we  imagine  the 

lower  reser\'oir  so  large  that  any  water  added  to  it  would  not  affect  its  level — 

if  it  were  the  sea,  for  example— that  would  represent  zero  level,  and  if  the 

higher  reservoir  could  be  kept  at  a  constant  level  there  would  be  a  constant 

flow  in  the  pipe. 

We  must  here  be  careful  not  to  dwell  too  much  on  this  analogy.  It  is  not 
to  be  supposed  that  in  speaking  of  current  of  electricity  we  mean  that  any- 
thing actually  flows — that  there  is  any  actual  transfer  of  matter.  We  say 
*  electricity  flows '  or  '  a  current  is  produced,'  in  much  the  same  sense  as  that 
in  which  we  say  ^  sound  or  light  travels.' 

801.  VOItalo  couple.  BleotromotlFe  series. — The  arrangement  just 
described,  consisting  of  two  metals  in  metallic  contact,  and  a  conducting 
liquid  in  which  they  are  placed,  constitutes  a  simple  voltaic  element  or  couple. 
So  long  as  the  metals  are  not  in  contact,  the  couple  is  said  to  be  open,  and 
when  connected  it  is  closed. 

According  to  the  chemical  view,  to  which  we  shall  for  the  present 
provisionally  adhere,  it  is  not  necessary  that,  for  the  production  of  a  current, 
one  of  the  metals  be  unaffected  by  the  liquid,  but  merely  that  the  chemical 
action  upon  the  one  be  greater  than  upon  the  other.  For  then  we  may 
assume  that  the  current  produced  would  be  due  to  the  difference  between 
the  diflferences  of  potential  which  each  of  the  metals  separately  produces  by 
its  contact  with  the  liquid.  If  the  differences  of  potentials  were  absolutely 
equal — a  condition,  however,  impossible  of  realisation  with  two  distinct 
metals — we  must  assume  that  when  the  metals  are  joined  no  current  would 
be  produced.  The  metal  which  is  most  attacked  is  called  the  positive  or 
gtnerating  plate,  and  that  which  is  least  attacked  the  negative  qt  collecting 
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plate.  The  positive  metal  determines  the  direction  of  the  current,  which 
proceeds  in  the  liquid  from  the  positive  to  the  negative  plate,  and  out  of 
the  liquid  through  the  connecting  wire  from  the  negative  to  the  positive 
plate. 

In  speaking  of  the  direction  of  the  current  the  direction  of  the  positive 
electricity  is  always  understood. 

In  the  fundamental  experiment,  not  only  the  connecting  wire  but  also 
the  liquid  and  the  plates  are  traversed  by  the  electrical  currents — are  the 
scene  of  electrical  actions. 

The  mere  immersion  of  two  different  metals  in  a  liquid  is  not  alone 
sufficient  to  produce  a  current ;  there  must  be  chemical  action.  When  a 
platinum  and  a  gold  plate  are  connected  with  a  delicate  galvanometer,  and 
immersed  in  pure  nitric  acid,  no  current  is  produced  ;  but  on  adding  a  drop 
of  hydrochloric  acid  a  strong  current  is  excited,  which  proceeds  in  the  liquid 
from  the  gold  to  the  platinum,  because  the  gold  is  attacked  by  the  nitro- 
hydrochloric  acid,  while  the  platinum  is  less  so,  if  at  all. 

As  a  voltaic  current  is  produced  whenever  two  metals  are  placed  in 
metallic  contact  in  a  liquid  which  acts  more  powerfully  upon  one  than  upon 
the  other,  there  is  a  great  choice  in  the  mode  of  producing  such  currents. 
In  reference  to  their  electrical  deportment,  the  metals  have  been  arranged 
in  what  is  called  an  electromotive  series^  in  which  the  most  electropositive  arc 
at  one  end,  and  the  most  electronegative  at  the  other.  Hence  when  any  two 
of  these  are  placed  in  contact  in  dilute  acid,  the  current  in  the  connecting 
wire  proceeds  from  the  one  lower  in  the  list  to  the  one  higher.  The  principal 
metals  are  as  follows  : — 


I.  Zinc 

6.  Nickel 

II.  Gold 

2.  Cadmium 

7.  Bismuth 

12.  Platinum 

3.  Tin 

8.  Antimony 

13.  Graphite 

4.  Lead 

9.  Copper 

5.   Iron 

10.  Silver 

It  will  be  seen  that  the  elcct^rical  deportment  of  any  metal  depends  on 
the  metal  with  which  it  is  associated.  Iron,  for  example,  in  dilute  sulphuric 
acid  is  electronegative  towards  zinc,  but  is  electropositive  towards  copper: 
copper  in  turn  is  electronegative  towards  iron  and  zinc,  but  is  electropositive 
towards  silver,  platinum,  or  graphite. 

802.  aieotromotive  force. — The  force  in  virtue  of  which  continuous 
electrical  elTects  are  produced  throughout  a  circuit  consisting  of  two  metals 
in  metallic  contact  in  a  liquid  which  acts  unequally  upon  them,  is  usually 
called  the  electromotive  force.  Electromotive  force  and  difference  of  potentials 
arc  commonly  used  in  the  same  sense.  It  is,  however,  more  correct  to  regard 
diftcrence  of  potentials  as  a  particular  case  of  electromotive  force ;  for  as**c 
shall  afterwards  see,  there  are  cases  in  which  electrical  currents  are  produced 
without  the  occurrence  of  that  particular  condition  which  we  have  called 
(UtTcrence  of  potentials.  The  electromotive  force  is  greater  in  proportion  to 
the  distance  of  the  two  metals  from  one  another  in  the  series.  That  is  to 
say,  it  is  greater  the  greater  the  difference  between  the  chemical  action  upon 
the  two  metals  immersed.  Thus  the  electromotive  force  between  zinc  and 
platinum  is  greater  than  that  between  zinc  and  iron,  or  between  zinc  and 
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icr.  The  law  established  by  experiment  is,  that  the  electromotive  force 
een  any  two  metals  is  equal  to  the  sum  of  the  electromotive  foi^ces  between 
he  intervening  metals.  Thus  the  electromotive  force  between  zinc  and 
num  is  equal  to  the  sum  of  the  electromotive  forces  between  zinc  and 

iron  and  copper,  and  copper  and  platinum. 

rhc  electromotive  force  is  influenced  by  the  condition  of  the  metal ; 
d  zinc,  for  instance,  is  negative  towards  cast  zinc.  It  also  depends  on 
legree  of  concentration  of  the  liquid  ;  in  dilute  nitric  acrd  zinc  is  positive 
jds  tin,  and  mercury  positive  towards  lead  ;  while  in  concentrated  nitric 

the  reverse  is  the  case,  mercury  and  zinc  being  respectively  electro- 
tive  towards  lead  and  tin. 

Tic  nature  of  the  liquid  also  influences  (he  direction  of  the  current.  If 
plates,  one  of  copper  and  one  of  iron,  are  immersed  in  dilute  sulphuric 
» a  current  is  set  up  proceeding  through  the  liquid  from  the  iron  to  the 
*cr;  but  if  the  plates,  after  being  washed,  are  placed  in  solution  of 
ssium  sulphide,  a  current  is  produced  in  the  opposite  direction— the 
er  is  now  the  positive  metal.  Other  examples  may  be  drawn  from  the 
wing  table,  which  shows  the  electric  deportment  of  the  principal  metals 

three  different  liquids.  It  is  arranged  like  the  preceding  one ;  each 
J  being  electropositive  towards  any  one  lower  in  the  list,  and  electro- 
tive  towards  any  one  higher. 

Sulphide  of 
potassium 

Zinc 

Copper 

Cadmium 

Tin 

Silver 

Antimony 

Lead 

Bismuth 

Nickel 

Iron 

i  voltaic  current  may  also  be  produced  by  means  of  two  liquids  and  one 
L  This  may  be  shown  by  the  following  experiment : — In  a  beaker  con- 
ag  strong  nitric  acid  is  placed  a  small  porous  cylinder  closed  at  one 
and  containing  strong  solution  of  caustic  potass.  If  now  two  platinum 
\  connected  with  the  two  ends  of  a  galvanometer  (821)  are  immersed 
actively  in  the  alkali  and  in  the  acid,  a  voltaic  current  is  produced, 
^ing  in  the  wire  from  the  nitric  acid  to  the  potass,  which  thus 
«pond  respectively  to  the  negative  and  positive  plates  in  ordinary 
les. 

metal  which  is  acted  upon  by  a  liquid  can  be  protected  from  solution 
acing  in  contact  with  it  a  more  electropositive  metal,  and  thus  forming 
iple  voltaic  circuit.  This  principle  is  the  basis  of  Davy's  proposal  to 
ct  the  copper  sheathings  of  ships,  which  are  rapidly  acted  upon  by  sea- 
r.  If  zinc  or  iron  be  connected  with  the  copper,  these  metals  are  dis- 
d  and  the  copper  protected.  Davy  found  that  a  piece  of  zinc  the  size 
nail  was  sufficient  to  protect  a  surface  of  forty  or  fifty  square  inches  * 


Caustic  potass 

Hydrochloric  acid 

Zinc 

Zinc 

Tin 

Cadmium 

Cadmium 

Tin 

Antimony 

Lead 

Lead 

Iron 

Bismuth 

Copper 

Iron 

Bismuth 

Copper 

Nickel 

Nickel 

Silver 

Silver 

Antimony 
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unfortunately  the  proposal  has  not  been  of  practical  value,  for  the  copper 
must  be  attacked  lo  a  certain  extent  to  prevent  the  adherence  of  marine 
plants  and  shellfish. 

803.  Vole*  ftud  •leotrodMB.— If  the  wire  connecting  the  two  terminal 
plates  of  a  voltaic  couple  be  cut,  it  is  clear,  from  what  has  been  said  aboul 
the  origin  and  direction  of  the  current,  that  positive  electricity  will  lend  Id 
accumulate  at  the  end  of  the  wire  attached  to  the  copper  or  negative  plate, 
and  negative  electricity  on  the  wire  attached  to  the  zinc  or  positive  platt 
These  terminals  have  been  called  the  pahs  of  liie 
battery.  For  experimental  purposes,  more  especi- 
ally in  the  decomposition  of  salts,  plates  of  platinum 
are  attached  to  the  ends  of  the  wires.  Instead  of  the 
term  poles,  the  word  eUctrode  (fXtrrpov  and  dSh  a 
way)  is  now  commonly  used  1  for  these  are  the  v/tys  ■ 
through  which  the  respective  electricities  emerf^. 
Il  is  important  not  to  confound  the  positive /ii/f 
with  the  positive  pole  or  electrode.  The  positiw 
electrode  is  that  connected  with  the  negative  pUle, 
while  the  negative  electrode  is  connected  with  the 
positive  plate. 

S04.  Voltaic  pile.  Vsltale  battsry.— Whep  a 
series  of  voltaic  elements  or  pairs  are  arranged  so 
that  the  zinc  of  one  element  is  connected  "ith  <'"< 
copper  of  another,  the  zinc  of  this  with  the  eopjw 
of  another,  and  so  on,  the  arrangement  is  called  ^ 
volUiic  battery;  and  by  its  means  the  effects  pi*- 
duced  by  a  single  element  are  capable  of  being  vtr)' 
greatly  increased. 

The  earliest  of  those  arrangements  was  devised  by 
Volia  himself.  It  consists  (tig.  686)  of  a  scries  of  dis" 
piled  one  over  the  other  in  the  following  order :— -^' 
the  bottom,  on  a  frame  of  wood,  is  a  disc  of  copp«' 
n  a  disc  of  cloth  moistened  by  acidulated  water."' 
by  brine,  then  a  disc  of  zinc  ;  on  this  a  disc  of  copp^'' 
and  another  disc  of  moistened  cloth,  to  which  ag^" 
follow  as  many  sets  of  zinc-clolh-copper,  always  in  tJ* 
s  may  be  convenient,  the  highest  disc  being  of  line.  Tm 
n  a  vertical  position  by  (;l3ss  rods. 
will  be  readily  seen  that  we  have  here  a  series  of  simple  voltaic  coupl»i 
the  moisture  in  the  cloth  acting  as  the  liquid  in  the  cases  already  mentions, 
and  that  the  terminal  ;inc  is  the  negative  and  the  terminal  copper  the  positn* 
pole.  From  the  mode  of  its  arrangement,  and  from  its  discoverer,  theapp*" 
ratus  is  known  as  the  voltaic  pile,  i^iKitn  applied  to  all  apparatus  of  thislu'*° 
for  accumulating  the  effects  of  dynamical  electricity. 

The  distribution  of  electricity  in  the  pile  varies  according  as  tt  is  ipcw- 
neciion  with  the  ground  by  one  of  its  extremities,  or  as  it  is  insulated  by 
being  placed  on  a  non-conducting  cake  of  resin  or  glass. 

In  the  former  case,  the  end  in  contact  with  the  ground  is  neutral,  and 
the  rest  of  the  apparatus  contains  only  one  kind  of  electricity ;  this  is  atP' 
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tivc  if  the  copper  disc,  and  positive  if  the  iinc  disc  is 

In  theinsulaicd  pile  the  eleciricitj-is  not  uniformly  distribuied.  liy  means 
of  ihe  proof  plane  and  the  eleciroscope  il  may  be  dcmonstipted  thai  the 
middle  part  is  in  a  neutral  state,  :Lnd  that  one-half  is  charged  with  positive 
and  the  other  with  negative  electricity,  the  potential  increasinf  fro 
middle  to  the  ends.  The  half  tenninated  by  a  zinc  disc  is  charged  with  nega- 
tive electricity,  and  that  by  a  copper  with  positive  electricity.  The  pile  is 
thus  similar  to  a  charged  Leyden  jar ;  with  this  difference,  however,  that 
when  the  jar  has  been  discharged  by  connecting  its  two  coatings,  the  elec- 
trical etfecis  cease  ;  while  in  the  case  of  the  pile,  the  cause  which  originally 
hrought  about  the  distribution  of  elearicity  restores  this  stale  of  charge 
after  the  discharge  ;  and  the  continuous  succession  of  charges  and  dis- 
charges forms  the  current.  The  effects  of  the  pile  will  be  discussed  in  other 
place.. 

805.  'WoilBaton's  batterr. — The  original  form  of  the  voltaic  pile  has  a 
great  many  inconveniences,  and  possesses  now  only  an  historical  interest. 
ll  has  received  a  great   many  improvements,  the  principal  object  of  which 
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£  beet)  to  facilitate  manipulation,  and  to  produce  greater  electromotive 
Vce. 

Oiw  of  the  earliest  of  these  modifications  was  the  crown  of  cups,  or 
Mtronnr  rf«  tastes,  invented  by  Volia  himself;  an  improved  form  of  this  is 
known  as  H'olliiston's  battery  (fig.  687) ;  it  is  arranged  so  that  when  the 
current  is  not  wanted,  the  action  of  the  battery  can  be  slopped. 

The  plates  Z  are  of  thick  rolled  zinc,  and  usually  about  eight  inches  it 
length  by  six  in  breadth.  The  copper  plates,  C,  are  of  thin  sheet,  and  bent 
to  as  to  surround  the  zincs  without  touching  them  :  contact  being  prevented 
Af  unall  pieces  of  cork.    To  each  copper  plate  a  narrow  strip  of  copper, 


soldered,  which  is  bent  twice  at  right  angles  ana  is  soldered  to  the  zinc  plate ; 
and  the  first  zinc,  Z,  is  surrounded  by  the  first  copper  C  ;  these  two  consti- 
tute a  couple,  and  each  couple  is  immersed  in  a  glass  vessel,  contmining 
acidulated  water.  The  copper,  C,  is  soldered  to  the  second  zinc  by  the  strip 
o^  and  this  zinc  is  in  turn  surrounded  by  a  second  copper,  and  so  on. 

Fig.  687  represents  a  pile  of  sixteen  couples  united  in  two  piarallel  series 
of  eight  each.  All  these  couples  are  fixed  to  a  cross  frame  of  wood,  by  which 
they  can  be  raised  or  lowered  at  pleasure.  ^Tien  the  battery  is  not  wanted, 
the  couples  are  lifted  out  of  the  liquid.  The  water  in  these  vessels  is  usually 
acidulated  with  ^^  sulphuric  and  ^  of  nitric  acid. 

Har^s  deflagraior. — This  is  a  simple  voltaic  arrangement,  consisting  of 
two  large  sheets  of  copper  and  zinc  rolled  together  in  a  spiral,  but  preserved 
from  direct  contact  by  bands  of  leather  or  horsehair.   The  whole  is  immersed 
in  a  vessel  containing  acidulated  water,  and  the  two  plates  are  connected 
outside  the  liquid  by  a  conducting  wire. 

806.  Bnfeeblement  of  the  ourrent  in  batteries.  Secondary  current*. 
The  various  batteries  already  described — Volta's,  Wollaston's,  and  Hare's, 
which  consist  essentially  of  two  metals  and  one  liquid — labour  under  the 
objection  that  the  currents  produced  rapidly  diminish  in  strength. 
/' )      This  is  principally  due  to  three  causes  :  the  first  is  the  decrease  in  the 
I  '■  chemical  action  owing  to  the  neutralisation  of  the  sulphuric  acid  by  its  coni- 
.  "-  bination  with  the  zinc.     This  is  a  necessary'  action,  for  upon  it  depends  the 

^  current ;  it  therefore  occurs  in  all  batteries,  and  is  without  remedy  except  by 
,  replacement  of  acid  and  zinc.  The  second  is  due  to  what  is  called  local 
action  ;  that  is,  the  production  of  small  closed  circuits  in  the  active  metal, 
owing  to  the  impurities  it  contains.  These  local  currents  rapidly  wear  away 
the  active  plate,  without  contributing  anything  to  the  continuance  of  the 
general  current.  They  are  remedied  by  amalgamating  the  zinc  with  mercun', 
by  which  chemical  action  is  prevented  until  the  circuit  is  closed,  as  ^^ill  be 
l^Nmore  fully  explained  (816).  The  third  arises  from  the  production  of  an 
■  ^  inverse  electromotive  force,  which  tends  to  produce  a  current  in  a  contrar)' 
direction  to  the  principal  current,  and  therefore  to  destroy  it  cither  totally 
or  partially.  In  the  fundamental  experiment  (fig.  685),  when  the  circuit  is 
closed,  zinc  sulphate  is  formed,  which  dissolves  in  the  liquid,  and  at  the 
same  time  a  layer  of  hydrogen  gas  is  gradually  formed  on  the  surface  of  the 
copper  plate.  This  diminishes  the  activity  of  the  combination  in  more  than 
one  way.  In  the  first  place,  it  interferes  with  the  contact  between  the  metal 
and  the  liquid  ;  in  the  second  place,  in  proportion  as  the  copper  becomes 
coaled  with  hydrogen,  we  have  virtually  a  plate  of  hydrogen  instead  (i^  ^ 
plate  of  copper  opposed  to  the  zinc,  and  in  addition,  the  hydrogen,  by  react- 
ing on  the  zinc  sulphate,  which  accumulates  in  the  liquid,  gradually  causes  a 
deposition  of  zinc  on  the  surface  of  the  copper ;  hence,  instead  of  having 
two  different  metals  unequally  attacked,  the  two  metals  become  gradually 
less  different,  and,  consequently,  the  total  effect  and  the  current  become 
weaker  and  weaker. 

The  polarisation  of  the  plate  (as  this  phenomenon  is  termed)  maybe 
destroyed  by  breaking  the  circuit  and  exposing  the  copper  plate  to  the  air : 
the  deposited  hydrogen  is  thus  more  or  less  completely  got  rid  of,  and  on 
again  closing  the  circuit  the  current  has  nearly  its  original  strength.    The 
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''laineil  when  the  current  of  another  battery  is  transmitted 
in  a  direction  opposite  to  that  of  the  first, 
^trodes  arc  used 
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.e  voltameter,  the  direction  of  which  is  from  P  to  P' ;  if  now  the  wire  F 

,  detached  from  H,  and  L  be  connected  there  vvith,  a  current  is  produced 

through  the  galvanometer  the  direction  of  which  is  from  P'  to  P  :  that  is,  the 

opposite  of  that  which  the  element  had  previously  produced.    Becquerel  and 

Farnday  have  shown  that  this  polarisation  of  the  metals  results  from  the 

depKisits  caused  by  the  passage  of  the  current,  and  an  important  application 

of  this  phenomenon  will  be  found  described  further  on  (S49). 

CONSTANT   CURRENTS. 

S07.  Constant  current!.  -With  few  exceptions,  batteries  composed  ot 
elements  with  a  single  liquid  have  almost  gone  out  of  use,  in  consequence 
of  the  rapid  enfeeblement  of  the  current  produced.  They  have  been  replaced 
by  batteries  with  two  liquids,  which  are  called  constant  batteries  because 
their  action  continues  without  material  alteration  for  a  considerable  period 
of  lime.  The  essential  point  to  be  attended  to  in  securing  a  constant  current 
is  10  prevent  the  polarisation  of  the  inactive  metal ;  inother  words,  to  hinder 
any  permanent  deposition  of  hydrogen  on  its  surface.  This  is  etTected  by 
placing  the  inactive  metal  in  a  liquid  upon  which  the  deposited  hydrogen 
can  act  chemically. 

808.  BanleU*s  battery.— This  was  the  first  form  of  the  constant  battery, 
and  was  invented  by  Daniell  in  the  year  1836.     As  regards  the  constancy 
of  its  action,  it  is  perhaps  still  the  best  of  all  constant  batteries.     Fig.  689 
represents  a  single  element.      A  glass  or  porcelain  vessel,  V,  contains  a 
saturated   solution   of  copper  sulphate,  in  which   is   immersed   a   copper 
cylinder,  ('.,  open  at  both  ends,  and  perforated  by  holes.    At  the  upper  part 
of  this  cylinder  there  is  an  annular  shelf,  G,  also  perforated  by  small  holes, 
and  below  the  level  of  the  solution  :  this  is  intended  to  support  crystals  of 
<oppcr  sulphate  to  replace  that  decomposed  as  the  electrical  action  pro- 
ceeds.    Inside  the  cylinder  is  a  thin  porous  vessel,  P,  of  unglazed  earthen- 
ware.     This   contains  either  water  or  solution  of  common  salt  or  dilute 
sulphuric  aci<l,  in  which  is  placed  the  cylinder  of  amalgamated  zinc,  Z.    Two 
thin  strips  of  copper,/  and  ;/,  fi>»ed  by  binding  screws  to  the  copper  and  to 
ihc  zinc,  serve  for  connecting  the  elements  in  series. 

When  a  Daniell's  element  is  closed,  the  hydrogen   resulting  from  vl\^ 


Ui  -^ 


"  "3 


acnon  of  the  dilute  acid  on  the  zinc  is  liberaied  on  the  surface  of  ihe  copper 
plate,  but  meets  there  the  copper  sulphate,  which  is  reduced,  fonning  sul- 
phuric acid  and  meiatlic  copper,  which  is  deposited  on  the  surface  of  the 
copper  plate.  In  this  way  copper  sulphate  in 
solution  is  taken  up  ;  and  if  ii  were  all  am- 
sumed,  hydrogen  would  be  deposited  on  the 
copper,  and  the  current  would  lose  its  con- 
stancy. This  is  prevented  by  the  crystals  of 
copper  sulphate  which  keep  the  solution  satu- 
ratcd.  The  sulphuric  acid  produced  by  the 
decomposition  of  the  sulphate  permeates  the 
porous  cylinder,  and  tends  to  replace  the  acid 
used  up  by  its  action  on  the  line ;  and  as  ihc 
quantity  of  sulphuric  acid  formed  in  the  solu- 
tion of  copper  sulphate  is  regular,  and  propor- 
lional  to  ihe  acid  used  in  dissolving  the  linc, 
the  action  of  this  acid  on  the  zinc  is  regular 
also,  and  thus  a  constant  current  is  produced. 
'*  ""^  In  order  lo  join  together   several  of  these-  — 

elements  to  form  a  battery,  the  linc  of  one  is  connected  either  by  a  copper-^ 
ivire  or  strip  with  the  copper  of  the  next,  and  so  on,  from  one  element  irrr: 
another,  as  shown  in  fig.  693,  for  another  kind  of  battery. 

Instead  of  a  porous  earthenware  vessel  a  ban  of  sailcloth  may  be  usec^a 
for  the  diaphragm  separating  the  two  liquids.  The  effect  is  at  first  mor»  - 
powerful,  but  the  two  solutions  mix  more  rapidly,  which  weakens  the  currcn^*^ 
The  object  of  the  diaphragm  is  to  allow  the  current  lo  pass,  but  10  pre»eiE_ 
as  much  as  possible  the  mixture  of  Ihe  two  liquids. 

The  current  produced  by  a  Daniell's  baiiery  is  constant  for  some  V — - 
its  action  is  stronger  when  it   is  placed   in  hot  water.     Its  elect romolii—-^ 


force 


volts 


I.  Orove'*  battery— In  this  battery  the  copper  sulphate  solution         1 
),f\  J     replaced  by  nitric  acid,  and  the  copper  by  platinum,  by  which  greater  eiecu-^^ 
motive  force  is  obtained.     Fig.  tf^^St 
represents  one  of  the  forms  of        • 
couple  of  this  battery.     It  consists 
vessel.  A,  partially  fill  ^=<l 
th  dilute  sulphuric  acid  {I  ;  »^i 
a  cylinder  of  zinc.  Z,  open  at  b»»*Ji 
ik  ;ofavesselV.  made  of  port**!' 
rihenware,  and  containing  or^fli- 
acid  ;    of  a  plate       of 
P  (fig.  691),  bent  in  «;*« 
1  Si  and  fixed  to  a  coi^*', 
Bsis  on  ihe  porous  ves^^ei- 
'5  connected  wi»li' 
i,  and  there  is  s 
binding  screw  or  the  liuf. 
In  this  battery  the  hydrogen,  wh'di 
meeting  the  nitric  acid,  decompo*'* 


Tig.  690. 
would  be  disengaged 


;  plale  of  platinum  is  replaced  by  a  cylinder  of  carbon.  This  is  made 
«iiher  of  ihe  graphitoidal  carbon  deposited  in  gas  retorts,  or  by  calcin- 
n  mould  an  intimate  mixture  of  coke  and  bituminous  coal,  finely 
Pcwdered  and  strongly  compressed,  Both  these  modifications  of  carbon  are 
^ood  conductors.  Each  element  consists  of  the  fallowing  parts  :  I.  a  vessel, 
'^  ifig'  692}.  either  of  stoneware  or  of  glass,  containing  dilute  sulphuric  acid  ; 
ft.  a  hollow  cylinder,  Z,  of  amalgamated  linc  ;  3.  a  porous  vessel,  V,  in  which 
*s  ordinary  nitric  acid  ;  4.  a  rod  of  carbon,  C,  prepared  in  the  above 
**ianner.  In  the  vessel  F  the  zinc  is  first  placed,  and  in  it  the  carbon  C  in 
the  porouE  vessel  V  as  seen  in  P.  To  the  carbon  is  fixed  a  binding  screw, 
»m,  10  which  a  copper  wire  is  attached,  forming  the  positive  pole.  The  line 
■apra<rided  with  a  similar  binding  screw, «,  and  wire,  which  is  thus  a  negative 

The  elements  are  arranged  to  form  a  battery  (fig.  693)  by  connecting  each 
Carbon  to  the  rinc  of  the  following  one  by  means  of  the  clamps  mM,  and  a 
strip  of  copper,  r,  represented  in  the  lop  of  the  figure.  The  copper  is  pressed 
ai  one  end  between  the  carbon  and  the  clamp,  and  at  the  other  it  is  soldered 
In  the  clamp  w,  which  is  fitted  on  the  line  of  the  following  element,  and  so 
forth.  The  clamp  of  the  first  carbon  and  that  of  the  last  linc  are  alone  pro- 
>Hded  with  binding  screws,  to  which  are  attached  the  wires. 

The  chemical  action  of  IJunsen's  battery  is  the  same  as  thai  of  Crovc-'a, 
and  being  equally  powerful,  while  less  costly,  is  very  generally  used  ott 
•he  Continent.  But  though  its  first  cost  is  less  than  that  of  Grove's  battery, 
it  is  more  expensive  to  work,  and  is  not  so  convenient  to  maRtp-jlate. 
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num,  tine  a.nd  platinised  lead  are  used,  and  instead  of  pure  nitric  acid  Callan 
used  a  mixture  of  sulphuric  acid,  nitric  acid,  and  saturated  solution  of 
nitre.     The  battery  is  said  to  be  equal  in  its  aaion  to  Grove's,  and  is  tnuch 

Callan  has  also  constructed  a  battery  ir 
acid  forms  the  positive  plate,  and  cast  iron  ii 
Under  these  circumstances  the  iron  become 
negative,  and  does  not  dissolve.     If,  howei 
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After  being  ii 
prevented  by  nili 
is  a  serious  obje 
this,  nitric  acid  is 
of  4  parts  pot  a 


s  dissolved  with  simultaneous   disengagemeni  of  nitrous 

use  some  lime,  all  the  batteries  in  which  the  polarisation  is 
ic  acid  disengage  nitrous  fumes  in  large  quantities,  and  this 
:tion  to  their  use,  especially  in  closed  rooms.  To  piEveni 
frequently  replaced  by  chromic  acid,  or,  better,  by  a  mi-viure 
bichromate,  4  parts  sulphuric  acid,  and  18  water.     ~' 


liberated  hydrogen  reduces  thechromic  acid  to  the  state  of  oxide  of  chro 
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f  which  remains  dissolved  in  sulphuric  acid.     With  the  same  view,  sestj  *J'- 

chloride  of  iron  is  sometimes  substituted  for  nitric  acid;  it  becomes     *e- 

I  duced  to  protochloride.     Bui  the  action  of  the  elements  thus  modified    " 

considerably  less  than  when  nitric  acid  is  used,  owing  to  the  increased    «^- 


Sti.  Bmse's  batterr- — In  this  battery  the  polarisation  of  the  negnti^'e 
plate  is  prevented  by  mechanical  means.  Each  element  consists  of  a  sheet  of 
platinum  placed  between  two  vertical  plates  of  zinc,  as  in  Grove's  battery; 
but  as  there  is  only  a  single  liquid,  dilute  sulphuric  acid,  the  elements  b^^ 
mucW  the  form  of  those  in  Wollaston's  battery.  The  adherence  of  hydrogen 
to  the  negative  plate  is  prevented  by  covering  the  platinum  with  a  deposit  rf 
finely  divided  platinum.  In  this  maimer  the  surface  is  roughened,  wbifh 
facilitates  the  disengagement  of  hydrogen  to  a  temarkable  evtenl,  and  cm- 
sequently  diminishes  the  resistance  of  a  couple.     Instead  of  platinum,  lilie' 
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covered  wiih  a  deposit  of  finely  divided  platinum  is  frequ 
being  cheaper. 

Waiter's  ttaltery. — This  resembles  Smee's  batterj-,  but  the  electronegaiivo.  1 
plate  is  either  gas  graphite  or  platinised  graphite  ;  it  is  excited  by  dilute   I 
sulphuric  acid.     This  battery  is  used  in  all  the  stations  of  the  South-Eastero 
Railway  ;  it  has  considerable  electromotive  force,  is  convenient  and  econo- 
tnical  in  manipulation,  and  large-sized  elements  can  be  consirucied  s 
cheap  rate. 

812.  Saeaot  batMrles. — The  mercury  sulphate  battery  (tig.  694)  de- 
vised by  Maris  Davy,  is  essentially  a  zinc-carbon  clement,  but  of  smaller 
dimensions  than  those  elements  usually  are.  In  the  outer  vessel,  V,  o 
nary  water  or  brine  is  placed,  and  in  the  porous  vessel  mercury  sulphate. 
This  salt  is  agitated  with  about  three  times  its  volume  of  water,  in  which  it ' 
difficultly  soluble,  and  the  liquid  poured  off  from  the  pasty  mass.    The  carbon 


1>eing  placed  in  the  porous  vessel,  the  spaces  are  iillcd  with  the  residue,  and 
Vhen  the  decanted  liquid  poured  into  it. 

Chemical  action  takes  place  only  when  the  cell  is  closed.     The  zinc  then 
ctecomposes  ihe  water,  liberating  hydrogen,  which,  traversing  the  porous 
Vessel.reduces  the  mercury  sulphate,  forming  metallic  mercury,  which  collects 
^t  the  bottom  of  the  vessel,  while  the  sulphuric  acid  formed  at  the  same  tin 
traverses  the  diaphragm  to  act  on  the  linc  and  thus  increases  the  action. 

The  mercury  which  is  deposited  may  be  used  to  prepare  a  quantity  of 
Sulphate  equal  to  that  which  has  been  consumed.  A  small  quantity  of  the 
Solution  of  mercury  sulphate  may  also  pass  through  the  diaphragm  ; 
This  is  rather  advantageous,  as  its  efTecl  is  to  amalgamate  Ihe  line. 

The  elect rom olive  force  of  this  element  is  about  a  quarter  greater  than  that 
■~tf  Uanieil's  element,  but  it  has  greater  resistance ;  it  is  rapidly  exhausted 
^ben  continuously  worked,  though  it  appears  well  suited  for  discontinuous 
vvM^,  as  with  the  telegraph,  and  with  alarums. 

Gravity  bettterits.—1\\^  use  of  porous  vessels  is  liable  to  many  objectio: 
*Yiore  especially  in  the  case  of  Daniell's  battery,  in  which  they  gradually 
V»ecome  encrusted  with  copper,  which  destroys  them,  A  kind  of  battery  has 
V>eeii  devised  in  which  the  porous  vessel  is  entirely  dispensed  with,  and  the 
•cpuaiwn  of  the  liquids  is  effected  by  the  difference  trf  density.    Swj^  j 
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batteries  are  called  gravity  batteries.    Fig.  695  represents  a  form  devised 
by  Callaud.    V  is  a  glass  or  earthenware  vessel  in  which  is  a  copper  plate 
soldered  to  a  wire  insulated  by  gutta-percha.    On  the  plate  is  a  layer  of 
crystals  of  copper  sulphate,  C  ;  the  whole  is  then  filled  with  water,  and  the 
zinc  cylinder,  Z,  is  immersed  in  it.    The  lower  part  of  the  liquid  becomes 
saturated  with  copper  sulphate  ;  the  action  of  thebatter>'  is  that  of  a  Daniel!, 
and  the  zinc  sulphate  which  gradually  forms,  floats  on4he  solution  of  copper 
sulphate  owing  to  its  lower  density.     This  battery  is  easily  manipulated,  the 
consumption  of  copper  sulphate  is  economical,  and  when  not  agitated  it 
works  constantly  for  some  time,  provided  care  be  taken  to  replace  the  water 
lost  by  evaporation. 

Meidinger^s  element,  which  is  much  used  in  Germany,  is  essentially  a 
gravity  battery  of  special  construction,  with  zinc  in  solution  of  magnesic 
sulphate,  and  copper  in  solution  of  copper  sulphate. 

Minottds  battery. — This  may  be  described  as  a  DanielPs  element,  in 
which  the  porous  vessel  is  replaced  by  a  layer  of  sawdust  or  of  sand.  At 
the  bottom  of  an  earthenware  vessel  (fig.  696)  is  placed  a  layer  of  coarsely- 
powdered  copper  sulphate  «,  and  on  this  a  copper  plate  provided  with  an 
insulated  copper  wire  /.  On  this  there  is  a  layer  of  sand  or  of  sawdust  bcy 
and  then  the  whole  is  filled  with  water,  in  which  rests  a  zinc  cylinder  Z. 
The  action  is  just  that  of  a  Daniell ;  the  sawdust  prevents  the  mixture  of 
the  liquids,  but  it  also  offers  great  resistance,  which  increases  with  its  thick- 
ness. From  its  simplicity  and  economy,  and  the  facility  with  which  it  is 
constructed,  this  battery  merits  increased  attention. 

De  la  Rue  and  Mailer's  element  consists  of  a  glass  tube  about  6  inches 
long  by  075  inch  in  diameter,  closed  by  a  vulcanised  india-rubber  stopper 
through  which  passes  a  zinc  rod  o-i8  inch  in  diameter  and  5  inches  long. 
\  flattened  silver  wire  also  passes  through  the  stopper  to  the  bottom  of  the 
tu')e,  in  which  is  placed  about  half  an  ounce  of  silver  chloride,  the  greater 
part  of  the  cell  being  filled  with  solution  of  sal-ammoniac.  The  hydrogen 
evolved  at  the  ne^i^ative  plate  reduces  the  chloride  to  metallic  silver,  which 
is  ther**by  recovered.  Since  there  is  only  one  liquid,  and  the  solid  electro- 
lyte is  not  acted  upon  when  the  circuit  is  open,  the  element  is  easily  worked 
and  requires  little  attention.  It  is  ver>'  compact,  1,000  elements  occup)in? 
a  space  of  less  than  a  cubic  yard  ;  De  la  Rue  and  Miiller  have  used  as 
many  as  I4,4cx)such  cells  in  investigations  on  the  stratification  of  the  electric 
li^^ht.  A  batter)'  of  8,040  of  these  cells  gave  a  spark  \  of  an  inch  in  length 
in  air  under  the  ordinary  atmospheric  pressure  :  while  under  a  pressure  of 
a  quarter  of  an  atmosphere  the  striking  distance  was  i^  inch. 

The  electromotive  force  of  a  silver  chloride  cell  is  i  '03  of  a  volt,  and  that 
of  one  made  with  silver  bromide  is  o'QoS  ;  hence  a  series  of  4  cells,  three^' 
the  silver  chloride  cells  with  one  of  bromide,  give  an  average  electromotive 
force  of  I  volt  (814). 

Latimer  Clark's  element  consists  of  pure  mercury  as  a  negative  pl*^^ 
covered  with  a  paste  obtained  by  boiling  sulphate  of  mercur>'  in  a  saturated 
solution  of  zinc  sulphate.  The  positive  metal  is  a  plate  of  zinc  resting  f*" 
this  paste  of  sulphate.  Insulated  wires,  leading  to  the  mercur>'  and  the  zi"*^ 
respectively,  form  the  connections.  This  battery  is  not  well  adapted  for 
continuous  work,  but  it  furnishes  a  standard  of  electromotive  force,  which  is 
constant  and  can  be  reWed  'apotv.    \\s  fiV^ciromotive  force  is  1*46  volts. 


LeclanchJ's  Ekment. 

enl  fonn  of  cleitienl  for  many  purposes  is  \he  fir>/as 

is  frequently  lermed  Ihe  bichromati  of  poiiiss  eleme 

r  a  line  plate,  Z,  attached   to  a  brass 

des  up  and  down  in  a  brass  lube  in  an 

jrcclain  cover,  so  as  to  be  wholly  or 

lersed  in    the    liquid.     Two    i;raphite 

re  similarly  titled  in  the  cover,  and  by 

ips  of  brass  ihe  carbon  and  the  zinc 

pectivelyin  connection  with  the  binding 

1  thus   form  the  poles.      The   exciting 

ixluie  of  one  part  of  potassium -bichro- 

phuric  acid,  and  lo  of  water. 

romotive  force  is  abom  r8  or  I '9  that 

when  the  element  is  closed  by 
stance  its  E.  M.F  increases  slightly  at 
lains  constant  for  some  time,  after  which 
(5  to  half  its  original  amount. 
tfs  element  a  line  cylinder  dips  in  a 
mmon  salt  and  surrounds  a  porous  cell, 

carbon  plate  surrounded  by  pieces  of 
lied  with  chloride  of  lime,  which  does 
;uil  is  closed.     The  electromotive  force 
■Bchi'a  alameiit.— This 
a  porous  pot,  which  is  then 

packed  with  a  mixture  of 

jroxide  of  manganese)  and 

M.  This  is  covered  over 
>f  pitch.  At  the  top  of  the 
dered  a  mass  of  lead,  L,  to 
led  a  binding  screw.     The 

is  a  rod  of  zinc  Z,  in  which 
apper  wire.  The  exciting 
ts  of  a  strong  solution  of 
,  contained  In  a  glass  vessel 
Jt  more  than  one-third  full. 
Olive  force  of  the  element 
:  about  one-third  greater 
a  Daniell's  elenient  ;  its  in- 
ter varies  of  course  with  the 
ted  to  be  from  two  to  three 
m  ohm.  The  battery  is  not 
aniinuous  work,  as  in  heavy 
.rcuiis,  or  in  elecirnplating, 
becomes  polarised  ;  it  has, 
.aluable  properly  of  quickly 
iriginal  strength  when  left  at 
xtremely  well  adapted  for  discontinuous  work,  such  a 

arbon  4}  '  i  J  >■  i;  inches  should  have  a 


t  (fig-  697). 


736  Dynamical  Electricity.  [US- 

I  ohm ;  but  good  plates  made  from  the  carbon  of  gas  retorts  do  not  average 
more  than  0*5,  and  in  some  cases  o'\  unit.  If  the  resistance  equals  an  ohm, 
the  conducting  power  of  carbon  is  about  0*003  ^^^^t  of  mercury. 

A  drawback  to  the  use  of  carbon  is  that,  from  its  porosity,  the  exciting 
liquid  rises,  and  forms,  at  the  junction  with  the  binding  screw,  local  cur- 
rents which  injure  or  destroy  contact.  This  may  be  remedied  to  a  very 
great  extent  by  soaking  the  plates  before  use  in  hot  melted  parafiine,  which 
penetrates  into  the  pores,  expelling  the  air.  On  cooling  it  solidifies  and 
prevents  the  capillary  action  mentioned  above.  By  carefully  scraping  the 
parafiine  from  the  outside,  a  surface  is  exposed  which  is  as  good  a  conductor 
as  if  the  pores  were  filled  with  air.  Measurements  have  shown  that  the 
resistance  of  a  rod  thus  prepared  is  not  altered. 

In  a  recent  modification  of  his  element  Leclanch^  dispensed  with  the 
porous  cell,  and  placed  the  carbon  plate  C  between  two  similar  flat  prisms 
made  by  compressing  a  mixture  of  55  parts  of  graphite,  40  parts  of  pyrolusitc, 
and  5  parts  of  shellac  in  steel  moulds  at  a  temperature  of  100**  under  a  pressure 
of  300  atniospheres. 

8 1 4.  BleotromotiTe  foroe  of  dUTerent  elements. — The  following  numbers 
represent  the  electromotive  force  of  some  of  the  elements  most  frequently 
used,  compared  with  that  of  an  ordinar>'  Daniell's  cell  charged  as  above 
described  ;  they  are  the  means  of  many  careful  determinations  : — 

Daniell's  element  set  up  with  water roc 

„  „  „      pure  zinc  and  pure  water,  with  pure 

copper  and  pure  saturated  solution 
of  copper  sulphate  .         .         .102 

Leclanchc's    „  „      zinc    in   saturated    solution   of   am- 

monium chloride    .        .        .        .    r32 

Mari^  Davy's,,  „ 1*41 

Bunsen's         „  „       carbon  in  nitric  acid  .         .         .1*77 

„  „  „       carbon  in  chromic  acid     .         .         .     i"87 

Grove's  „  „       platinum  in  nitric  acid      .         .         .1*82 

The  greatest  electromotive  force  as  yet  observed  is  by  Beetz  in  a  couple 
consisting  of  potassium  amalgam  in  caustic  potash,  combined  with  pyrolusite 
in  a  solution  of  potassium  permanganate.  It  is  three  times  as  much  as  that 
of  a  Daniell's  element. 

The  standard  of  electromotive  force  on  the  C.  G.  S.  system  is  tbc  VoU- 
This  is  equal  to  i ,000,000,000  or  10^  absolute  electromagnetic  units  (709)  ^  ^^^ 
latter  way  cf  expressing  it  is  convenient,  as  avoiding  the  use  of  long  numbers. 
The  I'olt  is  rather  less  than  the  electromotive  force  of  a  Daniell's  cell,  the 
mean  value  of  which  may  be  taken  at  ri2  volt.  The  unit  of  current,  which 
is  called  an  Amplre^  is  the  current  due  to  an  electromotive  force  of  one 
volt  working  through  a  resistance  of  one  ohm. 

8 1 5.  Comparison  of  tbe  voltaie  battery  wltli  a  frietional  eleetri^ 
maelilne. — Except  in  the  case  of  batteries  consisting  of  a  ver>' large  number 
of  couples,  the  difference  of  potentials  between  the  terminals  is  far  weaker 
than  in  frictional  electrical  machines,  and  is  insufficient  to  give  any  visible 
spark.  With  De  la  Rue  and  Miillers  great  battery  the  striking  distance 
between  two  terminals  was  found  to  increase  with  the  potential,  but  for  high 
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tentials  rather  more  rapidly  than  in  direct  ratia  Thus  while  the  striking 
stance  was  0-012  in.  with  the  potential  due  to  1,200  of  their  cells,  it  was 
149  in.  with  4,800  cells,  and  0*133  ^^'  ^i^^  ^  1,000  cells. 
In  the  case  of  a  small  battery  or  of  a  single  cell,  very  delicate  tests  are 
|uired  to  detect  any  signs  of  free  electrification.  But  by  means  of  a  deli- 
re  condensing  electroscope,  and  by  extremely  careful  insulation,  it  can  be 
own  that  one  pole  possesses  a  positive  and  the  other  a  negative  charge. 
»r  this  purpose  one  of  the  plates  of  the  electroscope  is  connected  with 
e  pole,  and  the  other  with  the  other  pole  or  with  the  ground.  The 
ctroscope  thus  becomes  charged,  and  on  breaking  the  communication 
ctroscopic  indications  are  observed. 

On  the  other  hand  the  strength  of  current  which  a  voltaic  element  can 
xluce  in  a  good  conductor  is  much  greater  than  that  which  can  be  pro- 
ced  by  a  machine.  Faraday  immersed  two  wires — one  of  zinc,  and  the 
icr  of  platinum,  each  y  3  of  an  inch  in  diameter — in  acidulated  water  for  ~ 
a  second.  The  effect  thus  produced  on  a  magnetic  needle  in  this  short 
le  was  greater  than  that  produced  by  23  turns  of  the  large  electrical 
ichine  of  the  Royal  Institution. 

Nystrom  has  ascertained  by  quantitative  measurements  that  the  potential 
the  charge  of  the  cover  of  an  ordinary  electrophorus  is  not  less  than  50,000 
les  as  great  as  the  potential  of  a  Meidinger^s  cell  (812) ;  that  is,  that  not 
s  than  50,000  of  those  elements  would  be  required  to  produce  the  same 
tential  as  the  electrophorus.  In  practice,  a  far  greater  number  would  be 
eded,  owing  to  the  difiiculty  of  getting  good  insulation. 
816.  Amalymatad  mine.  ILoeml  enrrento. — Perfectly  pure  distilled 
c  is  not  attacked  by  dilute  sulphuric  acid,  but  becomes  so  when  immersed 
that  liquid  in  contact  with  a  plate  of  copper  or  of  platinum.  Ordinary 
mmercial  zinc,  on  the  contrary,  is  rapidly  dissolved  by  dilute  acid.  This, 
abtless,  arises  from  the  impurity  of  the  zinc,  which  always  contains  traces 
her  or  iron  or  lead.  Being  electronegative  towards  zinc,  they  tend  to 
xluce  ioca/  eUctriccU  currents^  which  accelerate  the  chemical  action  with- 
t  increasing  the  quantity  of  electricity  in  the  connecting  wire. 
Zinc,  when  amalgamated,  acquires  the  properties  of  perfectly  pure  zinc 
d  is  unaltered  by  dilute  acid,  so  long  as  it  is  not  in  contact  with  a  copper 
platinum  plate  immersed  in  the  same  liquid.  To  amalgamate  a  zinc  plate, 
is  first  immersed  in  dilute  sulphuric  or  hydrochloric  acid  so  as  to  obtain  a 
An  surface,  and  then  a  drop  of  mercury  is  placed  on  the  plate  and  spread 
cr  it  with  a  brush.  The  amalgamation  takes  place  immediately,  and  the 
Kte  has  the  brilliant  aspect  of  mercury.  Zinc  as  well  as  other  metals  are 
adily  amalgamated  by  dipping  them  in  an  amalgam  of  one  part  sodium 
id  200  parts  of  mercury.  Zinc  plates  may  also  be  amalgamated  by  dipping 
em  in  a  solution  of  mercury  prepared  by  dissolving  one  pound  of  mercury 
.  five  pounds  of  aqua  regia  (one  part  of  nitric  to  three  of  hydrochloric  acid), 
id  then  adding  five  parts  more  of  hydrochloric  acid. 

The  amalgamation  of  the  zinc  removes  from  its  surface  all  the  impurities, 
specially  the  iron.  The  mercury  effects  a  solution  of  pure  zinc,  which  covers 
le  surface  of  the  plate,  as  with  a  liquid  layer.  The  process  was  first  applied 
>  electrical  batteries  by  Kemp.  Amalgamated  zinc  is  not  attacked  so  long 
»  the  circuit  is  not  closed — that  is,  when  there  is  no  current ;  when  closed 
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the  current  is  more  regular,  and  at  the  same  time  stronger,  for  the  same 
quantity  of  metal  dissolved. 

817.  Brj  piles — In  dry  piles  ih^  liquid  is  replaced  by  a  solid  hygrometric 
substance,  such  as  paper  or  leather.  They  are  of  various  kinds  :  in  Zamboni's, 
which  is  most  extensively  used,  the  electromotors  are  tin  or  silver,  and  bin- 
oxide  of  manganese.  To  construct  one  of  these  a  piece  of  paper  silvered  or 
tinned  on  one  side  is  taken  ;  the  other  side  of  the  paper  is  coated  with  finely- 
powdered  binoxide  of  manganese  by  slightly  moistening  it,  and  rubbing  the 
powder  on  with  a  cork.  Having  placed  together  seven  or  eight  of  these 
sheets,  they  are  cut  by  means  of  a  punch  into  discs  an  inch  in  diameter. 
These  discs  are  then  arranged  in  tTie  same  order,  so  that  the  tin  or  silver  of 
each  disc  is  in  contact  with  the  manganese  of  the  next.  Having  piled  up  1,200 
or  1,800  couples,  they  are  placed  in  a  glass  tube,  which  is  provided  with  a 
brass  cap  at  each  end.  In  each  cap  there  is  a  rod  and  knob,  by  w*hich  the 
leaves  can  be  pressed  together,  so  as  to  produce  better  contact.  The  knob 
in  contact  with  the  manganese  corresponds  to  the  positive  pole,  while  that 
at  the  other  end,  which  is  in  contact  with  the  silver  or  tin,  is  the  negative 
pole. 

Dry  piles  are  remarkable  for  the  permanence  of  their  action,  which^ 
may  continue  for  several  years.    Their  action  depends  greatly  on  the  tern 
perature  and  on  the  hygrometric  state  of  the  air.     It  is  stronger  in  summe 
than  in  winter,  and  the  action  of  a  strong  heat  revives  it  when  it  appear 
extinct.     A  Zamboni's  pile  of  2,000  couples  gives  neither  shock  nor  sparl 
but  can  charge  a  Leyden  jar  and  other  condensers.     A  certain  time  is,  ho 
ever,  necessary,  for  electricity  only  moves  slowly  in  the  interior. 

818.  Botanenber^er'tt  electroscope. — Bohnenberger  constructed  a  d 
pile   electroscope    of  great    delicacy.       It    is   a    condensing    electrosco 
(fig.  662),  from  the  rod  of  which  is  suspended  a  single  gold  leaf.     This  is     ^^ 
an  equal  distance  from  the  opposite  poles  of  two  dry  piles  placed  vertical  jy 
inside  the  bell  jar,  on  the  plate  of  the  apparatus.     As  soon  as  the  gold  I  ^^f 
possesses  any  free  electricity  it  is  attracted  by  one  of  the  poles  and  repeWi^ 
by  the  other,  and  its  electricity  is  obviously  contrary  to  that  of  the  po/e 
towards  which  it  moves. 
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CHAPTER  II. 

DETECTION  AND  MEASUREMENT  OF  VOLTAIC  CURRENTS. 

819.  ]>8teetlon  and  measurement  ofToltalo  ourrente. — The  remark- 
able phenomena  of  the  voltaic  battery  may  be  classed  under  the  heads  phy- 
siological, chemical,  mechanical,  and  physical  effects  ;  and  these  latter  may 
be  again  subdivided  into  the  thermal,  luminous,  and  magnetic  effects.  For 
ascertaining  the  existence  and  measuring  the  strength  of  voltaic  currents, 
the  magnetic  effects  are  more  suitable  than  any  of  the  others,  and,  accord- 
ingly, the  fundamental  magnetic  phenomena  will  be  described  here,  and  the 
description  of  the  rest  postponed  to  a  special  chapter  on  electro-magnetism. 

820.  Oersted's  experiment. — Oersted  published  in  18 19  a  discovery 
^•hich  connected  magnetism  and  electricity  in  a  most  intimate  manner,  and 
became,  in  the  hands  of  Ampere  and  of  Faraday,  the  source  of  a  new  branch 
of  physics.  The  fact  discovered  by  Oersted  is  the  directive  action  which  a 
fixed  current  exerts  at  a  distance  on  a  magnetic  needle. 

To  make  this  experiment  a  copper  wire  is  suspended  horizontally  in  the 
direction  of  the  magnetic  meridian  over 
^  movable  magnetic  needle,  as  repre- 
sented in  fig.  699.  So  long  as  the  wire 
is  not  traversed  by  a  current  the  needle 
remains  parallel  to  it ;  but  as  soon  as 
the  ends  of  the  wire  are  respectively 
c:onnected  with  the  poles  of  a  battery 
or  of  a  single  element,  the  needle  is  de- 
fected, and  tends  to  take  a  position 
"mvhich  is  the  more  nearly  at  right  angles 
£0  the  magnetic  meridian  in  proportion 
€is  the  current  is  stronger. 

In  reference  to  the  direction  in  which  the  poles  are  deflected,  there  are 
several  cases  which  may,  however,  be  referred  to  a  single  principle.  Re- 
membering our  assumption  as  to  the  direction  of  the  current  in  the  con- 
necting wire  (803)  the  preceding  experiment  presents  the  following  four 
cases  : — 

i.  If  the  current  passes  above  the  needle,  and  goes  from  south  to  north, 
the  north  pole  of  the  magnet  is  deflected  towards  the  west ;  this  arrangement 
is  represented  in  the  above  figure. 

ii.  If  the  current  passes  below  the  needle,  also  from  south  to  north,  t 
north  pole  is  deflected  towards  the  east. 

iii.  When  the  current  passes  above  the  needle,  but  from  north  to  south, 
the  north  pole  is  deflected  towards  the  east. 


Fig.  699. 
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iv.  Lastly,  the  deflection  is  towards  the  west  when  the  current  goes  from 
north  to  south  below  the  needle. 

Ampere  has  given  the  following  metnoria  technica  by  which  all  the  various 
directions  of  the  needle  under  the  influence  of  a  current  may  be  remembered. 
If  we  imagine  an  observer  placed  in  the  connecting  wire  in  such  a  manner 
that  the  current  entering  by  his  feet  issues  by  his  head,  and  that  his  face  is 
always  turned  towards  the  needle,  we  shall  see  that  in  the  above  four  posi- 
tions the  north  pole  is  always  deflected  towards  the  left  of  the  observer.  By 
thus  personifying  the  current,  the  different  cases  may  be  comprised  in  this 
general  principle  :  In  the  directive  action  of  currents  on  magnets^  the  north 
pole  is  always  deflected  towards  the  left  of  the  current. 

821.  Oalvanometer  or  multiplier. — The  name  galvanometer^  or  some- 
times multiplier  or  rheometer^  is  given  to  a  very  delicate  apparatus  by  which 
the  existence,  direction,  and  intensity  of  currents  may  be  determined.  It 
was  invented  by  Schweigger  a  short  time  after  Oersted's  discovery. 

In  order  to  understand  its  principle,  let  us  suppose  a  magnetic  needle 
suspended  by  a  filament  of  silk  (fig.  700),  and  surrounded  in  the  plane  of 


Fig.  700. 


Fig.  701. 


the  mjignetic  meridian  by  a  copper  wire,  mnopq^  forming  a  complete  circuit 
round  the  needle  in  the  direction  of  its  length.  When  this  wire  is  traversed 
by  a  current,  it  follows,  from  what  has  been  said  in  the  previous  paragraph, 
that  in  ever>'  part  of  the  circuit  an  observer  lying  in  the  wire  in  the  direction 
of  the  arrows,  and  looking  at  the  needle  cd)^  would  have  his  left  always  turned 
towards  the  same  point  of  the  horizon,  and  consequently,  that  the  action  of 
the  current  in  ever)'  part  would  tend  to  turn  the  north  pole  in  the  same 
direction  ;  that  is  to  say,  that  the  actions  of  the  four  branches  of  the  circuit 
concur  to  give  the  north  pole  the  same  direction.  By  coiling  the  copper 
wire  in  the  direction  of  the  needle,  as  represented  in  the  -figure,  the  action 
of  the  current  has  been  multiplied.  If,  instead  of  a  single  one,  there  are 
several  circuits,  provided  they  are  insulated,  the  action  becomes  still  more 
multiplied,  and  the  deflection  of  the  needle  increases.  Nevertheless,  the 
action  of  the  current  cannot  be  multiplied  indefinitely  by  increasing  the 
number  of  windings,  for,  as  we  shall  presently  see,  the  intensity  of  a  current 
diminishes  as  the  length  of  the  circuit  is  increased. 

As  the  directive  action  of  the  earth  continually  tends  to  k«iep  the  needle 
in  the  magnetic  meridian,  and  thus  opposes  the  action  of  the  current,  the 
effect  of  the  latter  is  increased  by  using  an  astatic  system  of  two  needles, 
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in  fig.  701.  The  action  of  the  earth  on  the  needle  is  then  very 
d,  further,  the  anions  of  the  current  on  the  two  needles  tiecome 
ted.  In  fact,  the  action  of  the  circuit,  from  the  direction  of  the 
idicated  by  the  arrows,  tends  to  deflect  the  north  pole  of  the  lower 
wards  the  west,  Tlie  upper  needle  a'b\  is  subjected  to  the  action 
ilrary  currents  no  and  qp,  but  as  the  first  is  nearer,  its  action  pre- 
!S.  Now  this  current  passing  below  the  needle,  evidently  lends 
,e  pole  a'  towards  the  east,  and,  consequently,  the  pole  b'  towards 
.  that  is  to  say,  in  the  same  direction  as  the  pole  a  of  the  other 

these  principles  it  will  be  easy  to  understand  the  action  of  the 
r.     The  apparatus  represented  in  tig.  703  consists  of  a  thick  brass 

resting  on  levelling 
>n  this  is  a  rotating 
af  the  same  metal,  to 
lixed  a  copper  frame, 
dlh  of  which  is  al- 
ii to  the  length  of  the 

On  this  is  coiled  a 


sof  y 


with  silk.  The  two 
'minate  in  binding 
■  and  o.  Above  the 
\  graduated  circle,  C, 
;airal  stti  parallel  to 
tionin  which  the  wire 
The  lero  corresponds 
silion  of  this  slit,  and 
>  gradui 


iheo 


n  the  ri 


other  on  the  left  of 

they  only  extend  to 

means  of  a  very  fine 

rfsilk.  an  astatic  sys. 

ispended ;  it  consists 

edlcs  ab  and  a'b',  one 

;  scale,  and  the  other 

:  circuit  itself.    These 

which  are  joined  to- 

f  a  copper  wire,  like 

i<g-  594  and  Kg.  701  and  cannot  move  separately,  must  not  have 

le  same  magnetic  intensity ;  for  if  they  are  exactly  equal,  every 

trong  or  weak,  would  always  put  them  at  ri^ht  angles  with  itself. 

ng  this  instrument  the  diameter,  10  which  corresponds  the  zero  of 

lation,  is  brought  into  the  magnetic  meridian  by  turning  the  plate 

le  end  of  the  needle  ab  corresponds  to  lero.     The  instrument  is 

lis  position  by  means  of  the  screw-clamp  T. 

ingth  and  diameter  of  the  wire  var>'  with  the  purpose  for  which  the 

leter  is  intended.     For  one  which  is  to  be  used  in  observing  the 
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currents  due  to  chemical  actions,  a  wire  about  }  millimetre  in  diameter,  and 
making  about  800  turns,  is  well  adapted.  Those  for  thermo-electric  currents, 
which  have  low  intensity,  require  a  thicker  and  shorter  wire  ;  for  example, 
thirty  turns  of  a  wire  \  millimetre  in  diameter.  For  very  delicate  experi- 
ments, as  in  physiological  investigations,  galvanometers  with  as  many  as 
30,000  turns  have  been  used. 

By  means  of  a  delicate  galvanometer  consisting  of  2,000  or  3,000  turns 
of  fine  wire,  the  coils  of  which  are  carefully  insulated  by  means  of  silk  and 
shellac,  currents  of  high  potential,  as  those  of  the  electrical  machine  (791) 
may  be  shown.  One  end  of  the  galvanometer  is  connected  with  the  con- 
ductor, and  the  other  with  the  ground,  and  on  working  the  machine  the  needle 
is  deflected,  affording  thus  an  illustration  of  the  identity  of  statical  with 
dynamical  electricity. 

The  deflection  of  the  needle  increases  with  the  strength  of  the  current ; 
the  relation  between  the  two  is,  however,  so  complex,  that  it  cannot  well 
be  deduced  from  theoretical  considerations,  but  requires  to  be  determined 
experimentally  for  each  instrument.  And  in  the  majority  of  cases  the  in- 
strument is  used  as  a  galvanoscope  or  rheoscope — that  is,  to  ascertain  rather 
the  presence  and  direction  of  currents — than  as  2i  galvanoftteier  qx  rheometer 
in  the  strict  sense ;  that  is,  as  a  measurer  of  their  intensity.  The  term 
i^tjh'anometer  is,  however,  commonly  used. 

The  differential  galvanometer  consists  of  a  needle,  as  in  an  ordinar)' 
galvanometer,  but  round  the  frame  of  which  are  coiled  two  wires  of  the  same 
kind  and  dimensions,  carefully  insulated  from  each  other,  and  provided  with 
suitable  binding  screws,  so  that  separate  currents  can  be  passed  through 
each  of  them.  If  the  currents  are  of  the  same  strength  but  in  different  direc- 
tions, no  deflection  is  produced  ;  where  the  needle  is  deflected  one  of  the 
currents  differs  from  the  other.  Hence  the  apparatus  is  used  to  ascertain 
a  difference  in  strength  of  two  currents,  and  to  this  it  owes  its  name. 

822.  Sir  mr.  Tlioiiison*s  marine  falvanometer. — In  laying  submarine 
cables  the  want  was  felt  of  a  galvanometer  sufficiently  sensitive  to  test  insula- 
tion, which  at  the  same  time  was  not  affected  by  the  pitching  and  rolling  of 
the  ship.     For  this  purpose.  Sir  W.  Thomson  invented  his  marine  galvano- 
meter. B  (fig.  703)  represents  a  coil  of  many  thousand  turns  of  the  finest  copper 
wire,  carefully  insulated  throughout,  terminating  in  the  binding  screws  EE.  In 
the  centre  of  this  coil  is  a  slide,  which  carries  the  magnet,  the  arrangement  of 
which  is  represented  on  a  larger  scale  in  U.    The  magnet  itself  is  made  of  a 
piece  of  fine  watch-spring  about  \  of  an  inch  in  length,  and  does  not  weigh 
more  than  a  grain  ;  it  is  attached  to  a  small  and  very  slightly  concave  mirror 
of  very  thin  silvered  glass.     A  single  fibre  of  silk  is  stretched  across  the  slide, 
and  the  mirror  and  magnet  are  attached  to  it  in  such  a  manner  that  the 
fibre  passes  exactly  through  the  centre  of  gravity  in  every  position.    As  the 
mirror  and  magnet  weigh  only  a  few  grains,  they  retain  their  position  rela- 
tively to  the  instrument,  however  the  ship  may  pitch  and  roll.  The  slide  fits  in 
a  groove  in  the  coil,  and  the  whole  is  enclosed  within  a  wrought-iron  case 
with  an  aperture  in  front,  and  a  wrought-iron  lid  on  the  top.    The  object  of 
this  is  to  counteract  the  influence  of  terrestrial  magnetism  when  the  ship 
changes  its  course. 

Underneath  the  coil  is  a  large  curved  steel  magnet  N,  which  compensates 


point  is  a  narrow  slit,  through  uhich  passes  the  iight  of  a  paraffine  lamj),  and 
vhich,  traversing  the  window,  is  reflecied  from  the  curved  mirror  against  tha 
gradua.ted  scale.  By  means  of  the  adjusting  magnets  the  image  of  the  slit  is 
made  to  fall  on  the  centre  of  the  graduation. 

This  being  the  case,  if  any  arrangement  for  producing  a  current,  however 
weak,  be  connected  with  the  terminal,  the  spot  of  light  is  deflected  either  to 
one  side  or  the  other,  according  to  the  direction  of  the  current ;  the  stronger 
the  current  the  greater  the  deflection  of  the  spot;  and  if  the  current  remains 
of  constant  strength  for  any  length  of  lime,  the  spot  is  stationary  in  a  cor- 
responding position. 

The  movement,  on  a  screen,  of  a  spot  of  light  reflected  from  a  body,  is  the 
most  delicate  and  convenient  means  of  obsen-ing  motions  which  of  them- 
selves are  too  small  for  direct  measurement  or  observation.  Hence  this 
principle  is  frequently  applied  in  cNperimenta!  investigations  and  in  lecture 
illustrations  (522).  It  is  used  in  observing  the  motion  of  oscillating  bodies, 
in  measuring  the  variations  of  magnetism,  in  determining  the  expansion  of 
solids,  &c. 

It  will  be  seen  from  the  article  on  the  Electric  Telegraph,  how  alternate 
deflections  of  the  spot  of  light  may  be  utilised  in  forming  a  code  of  sieDa.!,^ 


a  6 


Fig.  704. 
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823.  Tanvent  eompaM*  or  taarent  r«lTMM>n««er. — When  a  magnetic 
needle  is  suspended  in  the  centre  of  a  voltaic  current  in  the  plane  of  the 
magnetic  meridian,  it  can  be  proved  that  the  intensity  of  a  current  is  directly 

proportionsd  to  the  tangent  of  the 
angle  of  deflection,  provided  the 
dimensions  of  the  needle  are  suffi- 
ciently small  as  compared  with  the 
diameter  of  the  circuit    An  instru- 
ment  based  on  this   principle  is 
called  the  tangent  galvanometer  or 
tangent  compass.     It  consists  of  a 
copper  ring,  12  inches  in  diameter, 
and    about   an    inch    in    breadth, 
mounted  vertically  on  a  stand  ;  the 
lower  half  of  the  ring  is  generally 
fitted  in  a  semicircular  frame  of 
wood  to  keep  it  steady.      In  the 
centre  of  the  ring  is  suspended  a 
delicate   magnetic    needle,   whose 
length  must  not  exceed  ^^  or  ^  of 
the  diameter  of  the  circle.    Under- 
neath the  needle  there  is  a  graduated 
circle.      The  ends  of  the  ring  are  prolonged  in  copper  wires,  fitted  with 
mercury  cups,  ab^  by  which  it  can  be  connected  with  a  battery  or  element 
The  circle  is  placed  in  the  plane  of  the  magnetic  meridian,  and  the  deflection 
of  the  needle  is  directly  read  off"  on  the  circle,  and  its  corresponding  value 
obtained  from  a  table  of  tangents. 

On  account  of  its  small  resistance,  the  tangent  galvanometer  is  well 
adapted  for  currents  of  low  potential,  but  in  which  a  considerable  quantity 
of  electricity  is  set  in  motion. 

To  prove  that  the  intensities  of  various  currents  are  proportional  to  the 
tangents  of  the  corresponding  angles  of  deflection,  let  NS,  fig.  705,  represent 
the  wire  of  the  galvanometer  and  ns  the  needle,  and  let  <^  be  the  angle  of 
deflection  produced  when  a  current  C  is  passed.  Two  forces  now  act  upon 
the  needle — the  force  of  the  earth's  magnetism,  which  we  will  denote  by  H, 
which  tends  to  place  the  needle  in  the  magnetic  meridian,  and  the  strength 
of  the  current  C,  which  strives  to  place  it  at  right  angles  to  the  magnetic 
meridian.  Let  the  magnitudes  of  these  forces  be  represented  by  the  corre- 
sponding lines  an  and  bn.  Now  the  whole  intensities  of  these  forces  do  not 
act  so  as  to  turn  the  point  of  the  needle  round,  but  only  those  components 
which  are  at  right  angles  to  the  needle.  Resolving  them,  we  have  ng2sAnj 
as  the  forces  acting  in  opposite  directions  on  the  needle ;  and  since  the 
needle  is  at  rest  these  forces  must  be  equal. 

The  angle  nag  is  equal  to  the  angle  <^,  and  therefore  ng^an  sin  <^;  a"^ 
in  like  manner  the  angle  ^///"is  equal  to  <^  and  nf^^bn  cos  <^  ;  and  therefore 

since  fi/=ng,  bn  cos  (f>=an  sin  <^,  or  bn  =  an   ^^^-i  =a/i  tan  6;  that  is, 

cos  <t> 

C  =  H  tan  </). 

If  any  other  current  be  passed  through  the  galvanometer  we  shall  have 
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similarly  C  =  H  lan  i 
aller  in  on«  and  the  i 

"  's  reasoning 
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n  does  not  appreciably 


and  since  ihe  earth's  magnetisi 
ne  place  C  ;  C  « tan  if  :  tan  <p' 
has  been  assumed  thai  the  action  of  the  current  on 

the  needle  is  the  same  whatever  be  the  angle  by  which  it  is  deflected.     This 

is  only  ihe  case  when  the  dimensions  of  the  needle  are 

small  compared  with  the  diameler  of  the  ring  :  it  should 

not  be  more   than  i,  or  t'„   the  diameter.      In  order  to 

measare  with   accuracy  the   deflection  a  light  index  is 

placed  at  right  angles  to  the  needle. 

WiedemaHn's    tangent   galvanometer 

ihort  thick  copper  tube,  in  which  is  suspended,  instead 

of  a  needle,  a  thin  piece  of  soft  iron,  silvered  on  one  side 

so  as  lo  act  as  a  mirror,  the  position  of  which  can  be 

observed  by  a  telescope  and  scale  (522).    On  each  side  of 

the  copper  tube,  and  sliding  in  grooves,  are  coils  of  w 

which  can  be  pushed  over  the  tube.     By  this  lateral 

arrangement  of  the  current   in   reference  to  the  mag- 
netic needle,  the  error  of  the  tangent  galvanomeler  is  ■ 

dminished  :  for  when  the  needle  is  deflected,  though  one  ^'^ 

end  moves  away  from  the  ctirrent,  the  other  approaches  it. 

According  to  Gaugain,  the  tangent  of  the  angle  of  deflectio 

nearly  proportional  to  the  strength  of  the  current  when  the  centre  of  the  J 

needle  is  at  a  distance  of  one 
Soaner  the  diameter  of  the  ring 
from  the  centre  of  the  ring. 

If  the  ring  of  the  tangent 
galvanometer  is  so  constructed 
that  it  can  turn  about   its  axis 
*liich  is  in  the  magnetic 
dian,  the  action  of  the 
<*n  the  needle  is  inversely  pro- 
portional 10  the   cosine  of  the 
=*ngle  6,  through  which  the  ring 
's  turned.     Hence   by   increas- 
'fg  9,  Ihe  action  of  any 
o*)   the   needle    may   be   made 
^  small  OS  we  please. 

8:4.  siae  %9XTm.nooiM»T. — 

This  isanotherform  of  galvano- 

"Kter  for  measuring  powerful 

•^utierits.     Round  the  circular 

frame  M  (fig.  706)  several  turns 

"f  itooi  insulated  copper  wire 

"e  coiled,  the    two    ends    of 

which,  I,  terminate  in  the  bind- 

'f g  a':(etts  at  E,     On  a  table  in  y^. 

'lie  centre  ot  the  ring  there  is  a 

"^agneiic  needle,  in  :  a  second  light  needle,  ri,  fixed 

power  along  the  graduated  circle  N.     Two  cot 

jj^   ■■  ' 
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sources  of  electricity  to  be  measured,  are  connected  with  E.  The  circles  M 
and  N  are  supported  on  a  foot  O,  which  can  move  about  a  vertical  axis 
passing  through  the  centre  of  a  fixed  horizontal  circle  H. 

The  circle  M  being  then  placed  in  the  magnetic  meridian,  and  therefore 
in  the  same  plane  as  the  needle,  the  current  is  allowed  to  pass.  The  needle 
being  deflected,  the  circuit  M  is  turned  until  it  coincides  with  the  vertical 
plane  passing  through  the  magnetic  needle  w.    The  directive  action  of  the 
current  is  now  exerted  perpendicularly  to  the  direction  of  the  magnetic  needle, 
and  it  may  be  shown  that  the  strength  of  the  current  is  proportional  to  the 
sine  of  the  angle  of  deflection  :  this  angle  is  measured  on  the  circle  H  by 
means  of  a  vernier  on  the  piece  C.    This  piece  C,  fixed  to  the  foot  O,  turns 
it  by  means  of  a  knob  A.     The  angle  of  deflection,  and  hence  its  sine,  being 

known,  the  intensity  of  the  current  may  be  thus 
deduced :  let  mm*  be  the  direction  of  the  mag- 
netic meridian,  d  the  angle  of  deflection,  C  the 
strength  of  the  current,  and  H  the  directive  action 
of  the  earth.     If  the  direction  and  intensity  of  this 
latter  force  be  represented  by  ak^  it  may  be  replaced 
by  two  components,  ah  and  ac  (fig.  707).     Now,  as 
the  first  has  no  directive  action  on  the  needle,  the 
component  ac  must  alone  counterpoise  the  force  C ; 
that  is,  C  =  ac.     But  in  the  triangle  ack^  ac»ak  cos 
cak,  from  which  ac  «  H  sin  d,  for  the  angle  cak  is  the 
complement  of  the  angle  d^  and  ak  is  equal  to  H : 
hence,  lastly,  C  =  H  sin  d^  which  was  to  be  proved.  In 
like  manner  for  any  other  current  C,  which  produces  ■ 
a  deflection  d\  we  shall  have  C'=  H  sin  d\  whence  C  :  C'  =  sin  // :  sin  /. 

825.  Olun's  law. — For  a  knowledge  of  the  conditions  which  regulate  the 
.'i(  tion  of  the  voltaic  current,  science  is  indebted  to  the  late  G.  S.  Ohm. 
His  results  were  at  first  deduced  from  theoretical  considerations;  but  by 
his  own  researches  as  well  as  by  those  of  Fechner,  Pouillet,  Daniell,  Dela 
Rive,  Wheatstone,  and  others,  they  have  received  the  fullest  confirmation» 
and  their  great  theoretical  and  practical  importance  has  been  fully  estab- 
lished. 

i.  The  force  or  cause  by  which  electricity  is  set  in  motion  in  the  voltaic 
circuit  is  called  the  electromotive  force.  The  quantity  of  electricity  which  in 
any  unit  of  time  flows  through  a  section  of  the  circuit  is  called  the  intensity^ 
or,  perhaps  better,  the  strength  oft  fie  current.  Ohm  found  that  this  strength 
is  the  same  in  all  parts  of  one  and  the  same  circuit,  however  heterogeneous 
they  were  ;  one  and  the  same  magnetic  needle  is  deflected  to  the  same 
extent  over  whatever  part  of  the  circuit  it  is  suspended ;  and  the  same 
voltameter,  wherever  interposed  in  the  circuit,  indicates  the  same  disengag^ 
mcnt  of  gas  ;  he  also  found  that  the  strength  is  proportional  to  the  electro- 
motive  force. 

It  has  further  been  found  that  when  the  current  from  the  same  couple 
is  passed  respectively  through  a  short  and  through  a  long  wire  of  the  same 
ni.'itei  ial,  its  action  on  the  magnetic  needle  is  less  in  the  latter  case  than  m 
the  former.  Ohm  accordingly  supposed  that  in  the  latter  case  there  w'^s* 
.greater  resistance  to  the  passage  of  the  current  than  in  the  former;  and  he 
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proved  that '  the  resistance  is  inversely  proportional  to  the  strength  of  the 
current^ 

On  these  principles  Ohm  founded  the  celebrated  law  which  bears  his 
name,  that  the  strength  of  tlie  current  is  equal  to  the  electromotive  force 
divided  by  the  resistance. 

This  is  expressed  by  the  simple  formula 

where  C  is  the  strength  of  the  current,  E  the  electromotive  force,  and  R  the 
resistance. 

ii.  The  resistance  of  a  conductor  depends  on  three  elements  :  its  conduc- 
tivity, which  is  a  constant,  determined  for  each  conductor ;  its  section  ;  and 
its  length.  The  resistance  is  obviously  inversely  proportional  to  the  conduc- 
tivity ;  that  is,  the  less  the  conducting  power  the  greater  the  resistance.  It 
has  been  proved  that  the  resistance  is  inversely  as  the  section  and  directly 
as  the  length  of  a  conductor.  If  then  k  is  the  conductivity,  a>  the  section,  and  \ 
the  length  of  a  conductor,  we  have 

R  =  AandC-^-'^'. 

Km 

that  is,  the  strength  of  a  current  is  inversely  proportional  to  the  length  of  the 
conductor  and  directly  proportional  to  its  section  and  conduction  ty. 

iii.  In  a  voltaic  battery  composed  of  different  elements,  the  strength  of 
the  current  is  equal  to  the  sum  of  the  electromotive  forces  of  all  the  elements 
divided  by  the  sum  of  the  resistances.  Usually,  however,  a  battery  is  com- 
posed of  elements  of  the  same  kind,  each  having,  in  intention  at  least,  the 
same  electromotive  force  and  the  same  resistance. 

In  an  ordinary  element  there  are  essentially  two  resistances  to  be  con- 
sidered :  I.  That  offered  by  the  liquid  conductor  between  the  two  plates, 
which  is  frequently  called  the  internal  or  essential  resistance  ;  and  2.  That 
offered  by  the  interpolar  conductor  which  connects  the  two  plates  outside  the 
liquid  ^  this  conductor  may  consist  either  wholly  of  metal,  or  may  be  partly  of 
metal  and  partly  of  liquids  to  be  decomposed :  it  is  the  external  ox  non-essential 
^sistance.     Calling  the  former  R  and  the  latter  r,  Ohm's  formula  becomes 

c— ^. 

iv.  If  any  number,  //,  of  similar  elements  are  joined  together,  there  is  n 
times  the  electromotive  force,  but  at  the  same  time  n  times  the  internal 

«P 

resistance,  and  the  formula  becomes  -—.     If  the  resistance  in  the  inter- 

/iK  +  r 

polar,  r,  is  very  small — which  is  the  case,  for  instance,  when  it  is  a  short, 
thick  copper  wire — it  may  be  neglected  in  comparison  with  the  internal  re- 
sistance, and  then  we  have 

P  _  «E     E  . 
"«R*R' 

^^Jit  is,  a  battery  consisting  of  several  elements  produces  in  this  case  no 
^catcr  effect  than  a  single  element. 

K  K  2 
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V.  If,  however,  the  external  resistance  is  very  great,  as  when  the  curre^ 
has  to  produce  the  electric  light,  or  to  work  a  long  telegraphic  circuit,  a•^^ 
vantage  is  g^ned  by  using  a  large  number  of  elements,  for  then  we  ha^ 
the  formula 

«R  +  r 

If  r  is  very  great  as  compared  with  «R,  the  latter  may  be  neglected,  and  -^j 
expression  becomes 

r 

that  is,  that  the  strength,  within  certain  limits,  is  proportional  to  the  number 
of  elements. 

In  a  thermo-electric  pile,  which  consists  of  very  short  metallic  conductors, 
the  internal  resistance  R  is  so  small  that  it  may  be  neglected,  and  tlie 
strength  is  inversely  as  the  length  of  the  connecting  wire. 

vi.  If  the  plates  of  an  element  be  made  m  times  as  large,  there  is  no 
increase  in  the  electromotive  force,  for  this  depends  on  the  nature  of  the 
metals  and  of  the  liquid  (802) ;  but  the  resistance  is  m  times  as  small,  for  the 
section  is  ;//  times  larger :  the  expression  becomes  then 

E  ///E 


C- 


Hence,  an  increase  in  the  size  of  the  plate — or,  what  is  the  same  thing,  a 
decrease  in  the  internal  resistance — does  not  increase  the  strength  to  an  in- 
definite extent ;  for  ultimately  the  resistance  of  the  element  R  vanishes  in 
comparison  with  the  resistance  r,  and  the  strength  continually  approximates 

F 
to  the  value  C  «  -". 

r 

vii.  Ohm's  law  enables  us  to  arrange  a  battery  so  as  to  obtain  the  greatest 
effect  in  any  given  case.  For  instance,  with  a  battery  of  six  elements  there 
are  the  following  four  ways  of  arranging  them  : — i.  In  a  single  series  (fig- 
(708),  in  which  the  zinc  Z  of  one  element  is  united  with  the  copper  C  of  the 
second,  the  zinc  of  this  with  the  copper  of  the  third,  and  so  on.  2.  Arranged 
in  a  system  of  three  double  elements,  each  element  being  formed  by  joining 
two  of  the  former  (fijj.  709).  3.  In  a  system  of  two  elements,  each  of  which 
consists  of  three  of  the  original  elements  joined,  so  as  to  form  one  of  triple 
the  surface  (fig.  710).  Lastly,  of  one  large  element,  all  the  zincs  and  all  the 
coppers  being  joined,  so  as  to  form  a  pair  of  six  times  the  surface  (fig.  1^^^- 

With  a  series  of  twelve  elements  there  may  be  six  diflferent  combinations, 
and  so  on  for  a  larger  number. 

Now  let  us  suppose  that  in  the  particular  case  of  a  battery  of  six  elements 
the  internal  resistance  R  of  each  element  is  3,  and  the  external  resistance 
r=i2.  Then  in  the  first  case,  where  there  are  six  elements  arranged  i^ 
scries,  we  have  the  value 

.,_      6E  6E  6E  /j) 

6R  +  r      6x3+12     30 

If  they  were  united  so  as  to  form  three  elements,  each  of  double  tb^ 
surface,  as  in  the  second  case  (fig.  709),  the  electromotive  force  would  th^^ 
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t  the  electromotive  force  in  each  element :  there  would  also  be  a  resistance 
in  each  element,  but  this  would  only  be  half  as  great,  for  tl\e  section  of 
le  plate  is  now  double  ;  hence  the  strength  in  this  case  would  be 

C-   3E__.       3E    _6E       ....        (2) 
3B.  +  r        9^,2    33 

2  2 

ccordingly  this  change  would  lessen  the  strength. 


Fig.  708. 


If,  with  the  same  elements,  the  resistance  in  the  connecting  wire  were 
only  r«2,  we  should  have  the  values  in  the  two  cases  respectively — 

P  ^     6  X  E   ^6E 
6*3  +  2     20' 

andC'=       35 -6E..6E 

}^  +  r      9  +  4      '3 

The  result  in  the  latter  case  is,  therefore,  more  favourable.  If  the  re- 
swtance  r  were  9,  the  strength  would  be  the  same  in  both  cases.  Hence, 
*l»en,  by  altering  the  size  of  the  plates  or  their  arrangement,  favourable 
***■  unfavourable  results  are  obtained  according  to  the  relation  between  R 
andr. 
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826.  Airanremeiit  of  miiltlple  battery  ftnr nuiztiiivni  ennmit. — It  can 

be  shown  that  in  any  given  combineUion  the  maximum  effect  is  obtained  when 
the  total  resistance  in  the  elements  is  equal  to  the  resistance  of  the  interpokr. 
For  let  N  be  the  total  number  of  cells  available  for  a  given  combination,  and 
let  n  be  the  number  of  cells  arranged  tandem^  or  in  series— that  is,  when 
the  zinc  of  one  is  connected  with  the  copper  of  the  next,  and  so  on ;  then 

there  will  be  — elements  arranged  a^(fiw/.     If  ^  be  the  electromotive  force, 

n 

and  r  the  resistance  of  one  cell,  while  /  is  the  external  resistance,  then  the 

strength  of  the  current  will  be 

C  -      ^^  ^^  c 

nr ^  t         n*r     ,"  nr      I 

N  N  +'      N       /I 

n 

Therefore  C  is  a  maximum  when  -_  +  —  is    a  minimum.   But  ^r  x  - 

=  —  is  a  constant,  therefore  the  sum  =-  +  —  is  a  minimum  when  ^  -  «    < 

N  R       «  N      ff 

that  is,  when     -  -  =  /,  or  when  the  total  internal  resistance  is  equal  to  the 

external  resistance. 

A* 
For  if  X  and    -  are  any  two  quantities  whose  product  is  A',  then 

A^     .r'  +  A^-2Aji:+2A^       (^-A)-     ^. 
X  ^  —  = =  J^ L  +  2A. 

XX  X 

This  is  greater  than  2A  unless  .r— A«o,  in  which  case  it  is  equal  to  2A,  and 
is  a  minimum.     In  that  case  .r  =  A,  and  therefore 

X 

It  follows  thus  from  the  above  formula  that  the  best  effect  is  obtained 

when;/  =  y^^ 

If  in  a  given  case  we  have  8  elements,  each  offering  a  resistance  i5>  ^^ 
an  intcrpolar  with  the  resistance  40,  we  get  //  =  4'3.  But  this  is  an  im- 
possible arrangement,  for  it  is  not  a  whole  number,  and  the  nearest  whole 
number  must  be  taken.  This  is  4  ;  and  it  will  be  found,  on  making  a  calcu- 
lation analogous  to  that  above,  that  when  arranged  so  as  to  form  4  elements, 
each  of  double  surface,  the  greatest  effect  is  obtained. 


17]  Physiological  A  ctions  of  the  Current,  751 


CHAPTER   III. 

EFFECTS  OF  THE  CURRENT. 

827.  Ftaysiolofflcal  aottons. — Under  this  name  are  included  the  effects 
Kiuced  by  a  battery  current  on  living  organisms  or  tissues. 
When  the  electrodes  of  a  strong  battery  are  held  in  the  two  hands  a  violent 
x:k  is  felt,  especially  if  the  hands  are  moistened  with  acidulated  water, 
ich  increases  the  conductivity.  The  violence  of  the  shock  increases  with 
!  number  of  elements  used,  and  with  a  large  number — as  200  Bunsen's 
Is — \%  even  dangerous. 

The  power  of  contracting  upon  the  application  of  a  voltaic  current  seems 
be  a  very  general  property  of  protoplasm — the  physical  basis  of  both 
imal  and  vegetable  life  :  if,  for  example,  a  current  of  moderate  strength  be 
sscd  through  such  a  simple  form  of  protoplasm  as  an  amoeba,  it  imme- 
itdy  withdraws  its  processes,  ceases  its  changes  of  form,  and  contracts  into 
x>unded  ball — soon,  however,  resuming  its  activity  upon  the  cessation  of 
i  current.  Essentially  similar  effects  of  the  current  have  been  observed 
the  protoplasm  of  young  vegetable  cells. 

If  a  frog's  fresh  muscle  (which  will  retain  its  vitality  for  a  considerable 
ic  after  removal  from  the  body  of  the  animal)  be  introduced  into  a  galvanic 
cuit,  no  apparent  effect  will  be  observed  during  the  steady  passage  of 
i  current,  but  every  opening  or  closure  of  the  circuit  will  cause  a  mus- 
ar  contraction,  as  will  also  any  sudden  and  considerable  alteration  in  its 
KQsity.    By  very  rapidly  interrupting  the  current,  the  muscle  can  be  thrown 

0  a  state  of  uninterrupted  contraction,  or  physiological  tetafius^  each  new 
^traction  occurring  before  the  previous  one  has  passed  off  Other  things 
ng  equal,  the  amount  of  shortening  exhibited  by  the  muscles  increases, 
to  a  cenain  limit,  with  the  intensity  of  the  current.  These  phenomena 
ircly  disappear  with  the  life  of  the  muscle ;  hence  the  experiments  are 
newhat  more  difficult  with  warm-blooded  animals,  the  vitality  of  whose 
Seles,  after  exposure  or  removal  from  the  body,  is  maintained  with  more 
Acuity  ;  but  the  results  of  careful  experiment  are  exactly  the  same  here  as 
the  case  of  the  frog. 

The  influence  of  an  electric  current  upon  living  ner\'es  is  very  remark- 
c  ;  as  a  general  rule,  it  may  be  stated  that  its  effect  is  to  throw  the  nerve 
»  a  stale  of  activity,  whatever  its  special  function  may  be :  thus,  if  the 
t^c  be  one  going  to  a  muscle,  the  latter  will  be  caused  to  contract  ;  if  it 
One  of  common  sensation,  pain  will  be  produced  ;  if  one  of  special  sense, 
-  sensation  of  a  flash  of  light,  or  of  a  taste,  &c.,  will  be  produced,  accord- 

1  to  the  nerve  irritated.    These  effects  do  not  manifest  themselves  during 
^  even  passage  of  the  current,  but  only  when  the  circuit  is  either  o^tv't^^st 
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closed,  or  both.    Of  course  the  continuity  of  the  nerve  with  the  oigan  whei 
its  activity  manifests  itself  must  be  maintained  intact.    The  changes  set  u 
by  the  current  in  the  different  nerve-trunks  are  probably  similar,  the  vi 
sensations,  &c.,  produced  depending  on  the  different  terminal  organs  wf 
which  the  nerves  are  connected. 

Professor  Burdon  Sanderson  has  ascertained  that  the  movement  wh* 
causes  the  Dionaa  musa'pula  (Venus's  fly-trap),  one  of  what  are  called  c^^ 
nivorous  plants^  to  close  its  hairy  leaves  and  thereby  entrap  insects  wl^  f^ 
alight  upon  it,  is  accompanied  by  an  electrical  current  in  a  manner  analog^c3u* 
to  that  manifested  in  muscular  contraction.  The  manner  in  which  the  in-ita- 
tion  is  caused  seems  immaterial. 

828.  xiectrotonas. — In  a  living  nerve,  as  will  be  stated  more  fully  /n 
Chapter  X.,  certain  parts  of  the  surface  are  electro-positive  to  certain  other 
parts,  so  that  if  a  pair  of  electrodes  connected  with  a  galvanometer  be  applied 
to  these  two  points,  a  current  will  be  indicated  ;  if  now  another  part  of  the 
nerve  be  interposed  in  a  galvanic  circuit,  it  will  be  found  that,  if  this  extra- 
neous current  be  passing  in  the  same  direction  as  the  proper  nerve-cunrent, 
the  latter  is  increased,  and  ince  versA  ;  and  this  although  it  Tias  previously 
been  demonstrated  experimentally  that  none  of  the  battery  current  escapes 
down  the  nerve,  so  as  to  exert  any  influence  of  its  own  on  the  galvanometer. 
This  alteration  of  its  natural  electromotive  condition,  produced  through  the 
whole  of  a  nerve  by  the  passage  of  a  constant  current  through  part  of  it,  is 
known  as  the  clectroionic  state  \  it  is  most  intense  near  the  extraneous,  or,  as 
it  is  called,  the  exciting  current.  It  continues  as  long  as  the  latter  is  pass- 
ing, and  is  attended  with  important  changes  in  the  excitability  of  the  ner\e, 
or,  in  other  words,  the  readiness  with  which  the  nerve  is  thrown  into  a  state 
of  functional  activity  by  any  stimulus  applied  to  it.  Pfluger,  who  has  inves- 
tigated these  changes,  has  named  the  part  of  the  nerve  through  which  the 
exciting  current  is  passing  the  intrapolar  region  :  the  condition  of  the  nerve 
close  to  the  positive  pole  is  called  anelectrotonus ;  that  near  the  negative  pole, 
kathelectrotonus.  The  excitability  of  the  nerve  is  diminished  in  the  anelec- 
trotonic  region,  so  that  with  a  motor  nerve,  for  example,  a  stronger  stimulus 
than  before  would  need  to  be  applied  at  this  part  in  order  to  obtain  a  mus- 
cular contraction  ;  in  the  kathelectrotonic  region,  on  the  contrar>',  the  ex- 
citability of  the  nerve  is  heightened.  Moreover,  with  an  exciting  current  of 
moderate  strength  the  power  of  the  nerve  to  conduct  a  stimulus  is  lowered 
in  the  anelectrotonic  region,  and  increased  in  the  kathelectrotonic ;  ^i^h 
strong  currents  it  is  said  to  be  diminished  in  both. 

These  facts  have  to  be  taken  into  account  in  the  scientific  application  of 
galvanism  to  medical  purposes.  If,  for  instance,  it  is  wished  to  diminish  the 
excitability  of  the  sensor>-  nerves  of  any  part  of  the  body,  the  current  should 
be  passed  in  such  a  direction  as  to  throw  the  nerves  of  that  part  into  a  state 
of  anelectrotonus — and  similarly  in  other  cases. 

If  a  powerful  electric  current  be  passed  through  the  body  of  a  recently 
killed  animal,  violent  movements  are  produced,  as  the  muscles  ordinarily 
retain  their  vitality  for  a  considerable  time  after  general  systematic  death : 
by  this  means,  also,  life  has  been  re-established  in  animals  which  were  appa- 
rently dead— a  properly  applied  current  stimulating  the  respiratory  muscles 
to  contract. 


Heating  Effects  of  tlu  Current. 


753 

829.  BMUtof  enou. — When  a  voltaic  current  is  passed  through  a  metal 
wire  [he  same  effects  are  produced  as  by  the  discharge  of  an  electric  battery 
(790)  ;  the  wire  becomes  heated,  and  even  incandescent  if  it  is  ver)'  short  and 
thin.  With  a  powerful  battery  all  metals  are  melted,  even  iridium  and  plati- 
num, ihe  least  fusible  of  metals.  Carbon  is  the  only  element  which  has  not 
hitherto  been  fused  by  it.  Despretz,  however,  with  a  battery  composed  of 
600  Bunsen's  elements  joined  in  six  series  (825),  raised  rods  of  very  pure 
carbon  to  such  a  temperature  that  they  were  softened  and  could  be  welded 
together,  yielding  an  incipient  fusion. 

A  battery  of  30  to  40  Buns  en's  elements  is  sufficient  to  melt  and  volatilise 
fine  wires  of  lead,  tin,  zinc,  copper,  gold,  silver,  iron,  and  even  platinum,  with 
difierently  coloured  sparlts.  Iron  and  platinum  burn  with  a  brilliant  while 
light ;  lead  with  a  purple  light ;  the  light  of  tin  and  of  gold  is  bluish-white  ; 
the  light  of  line 
is  a  miitture  of 
white  and  gold ; 
finally,  copper 
and  silver  give 
a  green  light. 

The  thermal 
effects  of  the 
voltaic  current 
are  used  for 
firing  mines  for 
military  pur- 
poses and  for 
blasting  opera- 
lions.  The  fol- 
lowing arrange- 
ment was  de- 
vised by  Colonel  F>B  J'». 
Schaw :  —  Fig. 

jtj  represents  a  small  wooden  box  provided  with  a  lid.  Two  moderately  stout 
copper  wires,  hh\  insulated  by  being  covered  with  gutta-percha,  are  deprived 
of  this  coating  at  the  ends,  which  are  then  passed  through  and  through  the 
box  in  the  manner  represented  in  the  tigure.  The  distance  between  them  is 
I  of  an  inch,  and  a  very  fine  platinum  wire  (one  weighing  [■92  grain  to  the 
yard  is  the  regulation  size)  is  soldered  across.  The  object  of  arranging  the 
wires  ID  this  manner  is  that  they  shall  not  be  in  contact,  and  that  the  strain 
which  they  exert  may  be  spent  on  the  box,  and  not  on  the  platinum  wire 
joining  them,  which,  being  extremely  thin,  would  be  broken  by  even  a  very 
slichi  puil,  The  box  is  then  filled  with  fine-grained  powder,  and  the  lid  tieil 
down.  The  wires  of  the  fuse  are  then  carefully  joined  to  the  long  conducting 
wires  which  lead  to  the  battery  :  these  should  be  of  copper,  and  as  thick  as 
is  convenient,  so  as  to  offer  very  little  resistance  :  No.  16  gauge  copper  wire 
is  a  suitable  size.  The  fuse  is  then  introduced  into  the  charge  to  be  fired  : 
if  ii  is  for  a  submarine  explosion  the  powder  is  contained  in  a  canister,  the 
neck  of  which,  after  the  introduction  of  the  fuse,  is  carefully  fastened  by 
When  contact  is  made  with  the  battery,  which  is  effec^od. 
K3 


I 
I 
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through  the  intervention  of  mercury  cups,  the  current  traversing  the  platinut*; 
wire  renders  it  incandescent,  which  fires  the  fuse  ;  and  thus  the  ignition  i^ 
communicated  to  the  charge  in  which  it  is  placed. 

The  heating  effect  depends  more  on  the  size  than  on  the  number  of  th — 
plates  of  a  battery,  for  the  resistance  in  the  connecting  wires  is  small  (E:^^ 
An  iron  wire  may  be  melted  by  a  single  Wollaston's  element,  the  line 
which  is  8  inches  by  6.     Hare's  battery  {805)  received  its  name  deftagra^^ 
on  account  of  its  greater  heating  effect,  produced  by  the  great  surface  of    -^ 

When  any  circuit  is  closed,  a  definite  amount  of  heat  is  produce: , 
throughout  the  entire  circuit ;  and  the  amount  of  heat  produced  in  ^  j 
particular  part  of  the  circuit  is  greater,  the  greater  the  proportion  which  -^  j, 
resistance  of  this  part  bears  to  the  entire  circuit.  Hence,  in  firing  mi[-s«j 
the  wire  to  be  healed  should  be  of  as  small  section  and  of  as  small  ckx,. 
duct ivity  as  practicable.  These  conditions  are  well  satisfied  by  platinxjni, 
which  has  over  iron  the  advantage  of  being  less  brittle  and  of  not  beiij^ 
liable  to  rust.  Platinum  too  has  a  slow  specific  heal,  and  is  thus  raised  to 
a  higher  temperature,  by  the  same  amount  of  heat,  than  a  wire  of  greafer 
specific  heat. 

On  the  other  hand,  the  conducting  wires  should  present  as  small  3 
resistance  as  possible,  a  condition  satisfied  by  a  stout  copper  wnre;  .ind 
again,  as  the  heating  effect  of  any  circuit  is  proportional  to  the  square  of  thf 
electromotive  force,  and  inversely  as  the  resistance,  a  battery  with  a  Iiis:h 
electromotive  force  and  small  resistance,  such  as  Grove's  or  Bunsen's,  shofild 
be  selected. 

By  means  of  a  heated  platinum  wire,  parts  of  the  body  may  be  safely 
cauterised  which  could  not  be  got  at  by  a  red-hot  iron  :  the  removal  of 
tumours  may  be  effected  by  drawing  a  loop  of  platinum  round  their  base, 
which  is  then  gradually  pulled  together.  It  has  been  observed  that  when 
(he  temperature  of  the  wire  is  about  600°  C, 
the  combustion  of  the  tissues  is  so  complete 
that  there  is  no  haemorrhage;  while  at  iS"** 
the  action  of  the  wire  is  like  that  of  a  sharp 

S30.  ftawa  of  befttlDr  Affeota.     Oal**"*' 

tbopmometor.— Although  the  thermal  effcfs 

are  most  obvious  in  the  case  of  thin  wire'' 

they  are   by  no  means  limited   to  them.    The 

laws  of  the  heating  effect  were  investigate*!  hy 

l.eni,  by  means  of  an  apparatus  called  the 

GalvaiiO'therimnuter    (fig.     713),       A    *^^ 

mouthed    stoppered   bottle   was   fixed  tjp'iJ' 

down,  with  its  stopper,  b,  in  a  wooden  bos ;  'hf 

stopper  was  perforated   so  as  to  give  passage 

Fij..  ,,j.  to  two  thick  platinum  wires,  connected  al  "M 

end  with  binding  screws,  s  s,  while  their  fr<« 

ends  were  provided  with  platinum  cones  by  which  the  wires  under  invefti- 

t;aiion  could  be  afti\cd  ;  the  vessel  contained  alcohol,  the  temperature  "■ 

»Jiich  Has  indicated  by  a  thermometer  fitted  in  a  cork  inserted  m  a  hole 
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made  in  the  bottom  of  the  vessel.  The  current  is  passed  through  the  platinum 
wires,  and  its  strength  measured  by  means  of  a  tangent  compass  interposed 
in  the  circuit.  By  observing  the  increase  of  temperature  in  the  thermometer 
in  a  given  time,  and  knowing  the  weight  of  the  alcohol,  the  mass  of  the  wire, 
the  specific  heat,  and  the  calorimetric  values  (453)  of  the  vessel,  and  of  the 
thermometer,  compared  with  alcohol,  the  heating  effect  which  is  produced 
by  the  current  in  a  given  time  can  be  calculated. 

By  apparatus  of  this  kind  the  truth  of  the  following  law  of  the  heating 
effect  may  be  established. 

The  he.it  disengaged  in  a  given  time  is  directly  proportional  to  the 
square  of  the  strength  of  the  current^  and  to  the  resistance. 

This  is  known  2iS  Joules  law  (831),  and  is  expressed  in  the  formula  H  « 
C'R/,  /  being  the  time. 

If  the  current  passes  through  a  chain  of  platinum  and  silver  wire  of  equal 
sizes,  the  platinum  becomes  more  heated  than  the  silver  from  its  greater 
resistance ;  and  with  a  suitable  current  the  platinum  may  become  mean- 
descent  while  the  silver  remains  dark.  This  experiment  was  devised  by 
Children. 

If  a  long  thin  platinum  wire  be  raised  to  dull  redness  by  passing  a  voltaic 
current  through  it,  and  if  part  of  it  be  cooled  down  by  ice,  the  resistance  of 
the  cooled  part  is  diminished,  the  intensity  of  the  current  increases,  and  the 
rest  of  the  wire  becomes  brighter  than  before.  If,  on  the  contrary,  a  part 
of  the  feeble  incandescent  wire  be  heated  by  a  spirit-lamp,  the  resistance  of 
the  heated  part  increases,  for  the  effect  is  the  same  as  that  of  introducing 
fresh  resistance,  the  intensity  of  the  current  diminishes,  and  the  wire 
ceases  to  be  incandescent  in  the  non-heated  part. 

The  cooling  by  the  surrounding  medium  exercises  an  important  influence 
on  the  phenomenon  of  ignition.  A  round  wire  is  more  heated  by  the  same 
current  than  the  same  wire  which  has  been  beaten  out  flat ;  for  the  latter 
with  the  same  section  offers  a  greater  surface  to  the  cooling  medium  than  the 
others.  For  the  same  reason,  when  a  wire  is  stretched  in  a  glass  tube  on 
which  two  brass  caps  are  fitted  airtight,  and  the  wire  is  raised  to  dull  incan- 
descence by  the  passage  of  a  current,  the  incandescence  is  more  vivid  when 
the  air  has  been  pumped  out  of  the  tube,  because  it  now  simply  loses  heat 
by  radiation,  and  not  by  communication  to  the  surrounding  medium. 

Similarly,  a  current  which  will  melt  a  wire  in  air  will  only  raise  it  to  dull 
redness  in  ether,  and  in  oil  or  in  water  will  not  heat  it  to  redness  at  all,  for 
the  liquids  conduct  heat  away  more  readily  than  air  does. 

From  the  above  laws  it  follows  that  the  heating  effect  is  the  same  in  a 
wire  whatever  be  its  length,  provided  the  current  is  consl«int ;  but  it  must  be 
remembered  that  by  increasing  the  length  of  the  wire  we  increase  the  re- 
sistance, and  consequently  diminish  the  current ;  further,  in  a  long  wire 
there  is  a  greater  surface,  and  hence  more  heat  is  lost  by  radiation  and  by 
conduction. 

831.  Orapl&loal  representation  of  tbe  beatinc  effeote  in  a  oirooit. — 
The  law  representing  the  production  of  heat  in  a  circuit  in  the  unit  of  time 
's  very  well  seen  by  the  following  geometrical  construction,  due  to  Professor 
^"oster,  who  has  devised  several  similar  methods  of  graphically  representing 
electrical  laws. 
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The  heat  H  produced  in  a  circuit  in  the  unit  of  time  is  proportional     ^ 
the  square  of  the  strength  of  the  current  C,  and  to  the  resistance  R  (83^ 

that  is  H  »  C'R ;  but  since  C  -  -=;.  (825),  we  have  H  »  -|- . 

Draw  a  straight  line  DAB  (6g.  714),  and  from  any  point  A  in  it  draw  a 
line  AC,  at  right  angles  to  DAB,  and  of  a  length  proportional  to  the  electix>- 
motive  force  of  the  cell.     Lay  off  a  length  AB  proportional  to  the  resistance 
of  the  circuit.    Join  CB,  and  at  C  draw  a  line  at  right  angles  to  BC,  and  \^ 
D  be  the  point  where  this  line  cuts  the  line  DAB.    Then  the  length  AD  \s 
proportional  to  the  heat  produced  in  the  whole  circuit  in  unit  time.    For  the 
triangles  ADC  and  ACBare  similar,  and  therefore  AD  :  AC  -  AC  :  AB ;  that 

is,  AD  -  ^;  that  is,  H  -  tl . 
'  AB  '  '         K 

By  drawing  figures  similar  to  the  above  it  will  be  found  that  for  a 

given  electromotive  force  the  heat  is  inversely  proportional  to  the  resistance, 


Fig.  714. 

and  for  a  given  resistance  directly  proportional  to  the  square  of  the  eleciro- 
motive  force.  That  is,  if  the  resistance  is  doubled,  the  heat  is  reduced  to 
one-half ;  if  the  electromotive  force  is  doubled  the  heat  is  quadrupled. 

832.  Relation  of  taeatinr  effect  to  work  of  a  battery.— In  ever)' 
closed  circuit  chemical  action  is  continuously  going  on ;  in  ordinary 
circuits,  the  most  common  action  is  the  solution  of  zinc  in  sulphuric  acid, 
which  may  be  rei^arded  as  an  oxidation  of  the  zinc  to  form  oxide  of  zinc,  and 
a  combination  of  this  oxide  of  zinc  with  sulphuric  acid  to  form  water  and 
zinc  sulphate.  It  is  a  true  combustion  of  zinc,  and  this  combustion  ser\es 
to  maintain  all  the  actions  which  the  circuit  can  produce,  just  as  all  the 
work  which  a  steam-engine  can  effect  has  its  origin  in  the  combustion  of 
fuel  (473). 

By  independent  experiments  it  has  been  found  that,  when  a  given  weight 
of  zinc  is  dissolved  in  sulphuric  acid,  a  certain  definite  measurable  quantity 
of  heat  is  produced,  which,  as  in  all  cases  of  chemical  action,  is  the  same, 
whatever  be  the  rapidity  with  which  this  solution  is  effeaed.  If  this  solution 
takes  place  while  the  zinc  is  associated  with  another  metal  so  as  tofonn^ 
voltaic  couple,  the  rapidity  of  the  solution  will  be  altered  and  the  whole  cir- 
cuit will  become  heated— the  liquid,  the  pLites,  the  containing  vessel  as  well 
as  the  connecting  wire.  But  although  the  distribution  of  the  heat  is  thus 
altered,  its  quantity  is  not.  If  the  values  of  all  the  several  heating  effects  in- 
X\it  various  parts  ol  the  circuit  be  determined,  it  will  still  be  found  that, 
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however  the  resistance  of  the  connecting  wire  be  varied,  this  sum  is  exactly 
equivalent  to  that  produced  by  the  solution  of  a  certain  weight  of  zinc. 

If  the  couple  be  made  to  do  external  mechanical  work  the  case  is  dif- 
ferent. Joule  made  the  following  remarkable  experiment  : — A  small  zinc 
and  copper  couple  were  arranged  in  a  calorimeter,  and  the  amount  of  heat 
determined  while  the  couple  was  closed  for  a  certain  length  of  time  by  a 
short  thick  wire.  The  couple  still  contained  in  the  calorimeter  was  next 
connected  with  a  small  electromagnetic  engine  (899),  by  which  a  weight  was 
raised.  It  was  thus  found  that  the  heat  produced  in  the  calorimeter  in  a 
given  time — while,  therefore,  a  certain  amount  of  zinc  was  dissolved — was 
less  while  the  couple  was  doing  work  than  when  it  was  not ;  and  the 
amount  of  this  diminution  was  the  exact  thermal  equivalent  of  the  work 
performed  in  raising  the  weight  (497). 

That  the  whole  of  the  chemical  work  and  disengagement  of  heat  in  the 
circuit  of  an  ordinary  cell  has  its  origin  in  the  solution  of  zinc  in  acid  is  con- 
firmed by  the  following  experiment,  due  to  Favre  : — 

In  the  muffle  of  his  calorimeter  (456)  five  small  zinc  platinum  elements 
were  introduced  ;  the  other  muffle  contained  a  voltameter.  Now  when  the 
element  was  closed  until  one  equivalent  of  zinc  was  dissolved  in  the  whole  of 
the  cells,  \  of  an  equivalent  of  water  should  be  decomposed  in  the  voltameter 
(846) ;  which  was  found  to  be  the  case.  In  one  case  the  current  of  the 
battery  was  closed  without  inserting  the  voltameter,  and  the  heat  disengaged 
during  the  solution  of  one  equivalent  of  zinc  was  found  to  be  18,796  thermal 
units ;  when,  however,  the  voltameter  was  introduced,  the  quantity  disengaged 
was  only  1 1,769  thermal  units.  Now  the  difference,  7027,  is  represented  by 
the  chemical  work  of  decomposing  \  of  an  equivalent  of  water ;  this  agrees 

ver>'  well  with  the  number,  6892  «  544_  ,  which  represents  the  heat  disen- 
gaged during  the  formation  of  \  of  an  equivalent  of  water. 

833.  luminoiu  effects. — In  closing  a  voltaic  battery  a  spark  is  obtained 
at  the  point  of  contact,  which  is  frequently  of  great  brilliancy.  A  similar 
spark  is  also  perceived  on  breaking  contact.  These  luminous  effects  are 
obtained,  when  the  battery  is  sufficiently  powerful,  by  bringing  the  two  elec- 
trodes ver>'  nearly  in  contact ;  a  succession  of  bright  sparks  springs  some- 
times across  the  interval,  which  follow  each  other  with  such  nipidity  as  to 
produce  continuous  light.  With  eight  or  ten  of  Grove's  elements  brilliant 
luminous  sparks  are  obtained  by  connecting  one  terminal  of  the  battery 
with  a  file,  and  moving  its  point  along  the  teeth  of  another  file  connected 
with  the  other  terminal. 

The  most  beautiful  effect  of  the  electric  light  is  obtained  when  two  pencils 
of  charcoal  are  connected  with  the  terminals  of  the  battery  in  the  manner 
represented  in  fig.  715.  The  charcoal  b  is  fixed,  while  the  charcoal  a  can 
be  raised  and  lowered  by  means  of  a  rack  and  pinion  motion,  c.  The  two 
charcoals  being  placed  in  contact,  the  current  passes,  and  their  ends  soon 
become  incandescent.  If  they  are  then  removed  to  a  distance  of  about  the 
tenth  of  an  inch,  according  to  the  strength  of  the  current,  a  luminous  arc 
extends  between  the  two  points,  which  has  an  exceedingly  brilliant  lustre, 
*nd  is  called  the  voltaic  arc. 

The  length  of  this  arc  varies  with  the  force  of  the  current.     In  alt  \V  t^-^^^ 
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exceed  2  inches  with  a  battery  of  500  elements,  arranged  in  six  series  of  100 
each,  provided  the  positive  pole  is  uppermost,  as  represented  in  the  figure  5 

if  it  is  undermost,  the  aro 
is  about  one-third  shorteir  ^ 
In  a  partial  vacuum  th^^ 
distance  of  the  charco^^^i 
may  be   greater  than  k.  -tq 
air ;  in  fact,  as  the  ele 
tricity  meets  with  noresi 
ance,  it  springs  betw 
the  two    charcoals,  ev 
before  they  are  in  cont 
The  voltaic  arc  can  also 
produced  in  liquids,  bu 
is  then  much  shorter, 
its    brilliancy    is  gre 
diminished. 

The   voltaic    arc 
the    property   that    it 
attracted  when  a  ma^^^— net 
is  presented  to  it — a  (zr-  on- 
sequence  of  the  actioKL   «  of 
magnets  on  currents  (S^  ^5). 
Some   physicists  h-mave 
considered  the  voltaic  arc  as  formed  of  a  very  rapid  succession  of  bi^  :«ght 
sparks.      Its  colour   and    shape  depend  on  the   nature  of  the  conducr  nors 
between  which    it  is  formed,  and  it  is  probably  due  to  the  incandes  «rent 
particles  of   the  conductor,  which  are  volatilised    and   transported  in        the 
direction  of  the  current  ;  that  is,  from  the  positive  to  the  negative  |fi:»oIe. 
The  more  easily  the  electrodes  are  disintegrated  by  the  current,  the  gr^-ater 
is  the  distance  at  which    the  electrodes  can  be  pl.iced.     Charcoal,  wlTich 
is  a  very  friable  substance,  is  one  of  the  bodies  which  gives  the  lax'^esf 
luminous  arc. 

Recent  researches  by  Edlund  have  shown  that  this  disintegration  of  the 
terminals  by  the  voltaic  arc  gives  rise  to  an  electromotive  force  opposed  in 
direction  to  that  of  the  main  current. 

Davy  first  made  the  experiment  of  the  electric  light,  in  1 801,  by  means  of 
a  batter>'  of  2,000  plates,  each  4  inches  square.  He  used  charcoal  points 
made  of  light  wood  charcoal  which  had  been  heated  to  redness,  and  im- 
mersed in  a  mercur)'  bath  ;  the  mercur)%  penetrating  into  the  pores  of  the 
charcoal,  increased  its  conductivity.  When  any  substance  was  introduced 
into  the  voltaic  arc  produced  by  this  batter>',  it  became  incandescent;  pla- 
tinum melted  like  wax  in  the  flame  of  a  candle  ;  sapphire,  magnesia,  lime, 
and  most  refractory'  substances  were  fused.  Fragments  of  diamond,  of 
charcoal,  and  of  graphite  rapidly  disappeared  without  undergoing  any 
previous  fusion. 

As  charcoal  rapidly  burns  in  air,  it  was  necessary  to  operate  in  vacuo, 
and  hence  the  experiment  was  for  a  long  time  made  by  fitting  the  two  points 
m  an  electric  egg,  like  that  represented  in  fig.  667.     At  present  the  electrodes 


I 


■q 


Regiilalor  of  the  Electric  Light. 


made  of  gis  graphite,  n  rnodiRcaiion  of  charcoal  deposited  ii 
j  is  hard  and  compact,  and  only  bums  slowly  in  air  ;  hence  it  i; 
y  lo  operate  in  vacuo.    When  the  eitperiment  is  made  in  vacuo  there  is 
combustion,  but  ihe  charcoal  wears  away  at  the  positive  pole,  while  it  is 
icwhat  increased  on  ihe  negative  pole,  indicating  that  there  is  a  transport 
iolid  matter  from  the  positive  to  the  negative  pole. 
S34.  ranOKBlt'B  «ipeTlmeiit. — This  consists  in  projecting  0 

image  of  the  charcoal  points  produced  in  the  camera  obscuri  at  the 
mem  at  which  the  electric  light  is  formed  (fig.  ?i6).  By  meana  of  this 
lerimeni,  which  is  made  by  the  photo-electric  microscope  already  de- 
ibed  (fig.  530),  the  two  charcoals  can  be  readily  distinguished,  and  the 
liiivc  charcoal  Is  seen  to  become  somewhat  hollow  and  diminished,  while 

other  increases.    The  globules  represented  on  the  two  charcoals  a 
m  the  fusion  of  a  small  quantity  of  silica  contained  in  the  charcoal.     When 
!  current  begins  to  pass,  the  negative  charcoal  first  becomes  luminous, 


1  the  light  of  the  posi 
}ut  twice  as  rapidly 
ger. 


Ihe  brightest ;  as  it  also  wears  auay 
electrode  it  ought  to  be  rather  the 


c  light  is 


When  the  electri 
ous  as  other  modes  of  lighlin);. 
be  constant,  but  the  distance  of 
use  of  some  arrange- 
proponion  as  they  wear  away. 
by  an  apparatus  invented  by 


83;.  m«tu1mtor  of  Uia  eleetrlo  Ilfbt.- 

k1  for  illumination,  it  must  be  as  contin 
T  this  purpose,  not  only  must  the  curreni 
!  charcoals  must  not  alter,  which  1 
int  for  bringing  them  nearer  together  in 
le  of  the  best  modes  of  effecting  this  1 

In  this  regulator  the  two  charcoals  are  movable,  but  with  unei[ual  veloci- 
S,  which  arc  virtually  proportional  to  their  waste.  The  motion  is  trans- 
ited by  a  drum  placed  on  the  axis  xy  (fig.  717).  This  turns,  in  the  dircc- 
n  of  the  arrows,  two  wheels,  a  and  i,  the  diameters  of  which  are  as  i  ;  2, 
d  which  respectively  transmit  their  motion  10  two  rackworks,  C  and  C. 
lowers  the  positive  charcoal,  p,  by  means  of  a  rod  sUdit\?.  \r  vVift  S.-iofc 
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H,  while  the  other  C  raises  the  negative  charcoal,  m,  half  as  rapidly.  By 
means  of  the  milled  head  y  the  dnim  can  be  wound  up,  uid  zt  the  same 
time  the  positive  charcoal  moved  by  the  hand ;  the  milled  bead  x  moves  the 
negative  charcoal  also  by  tlic 
hand,  and  independently  of 
the  first.  For  this  purpose 
the  axis,  xy,  consists  of  two 
parts  pressing  against  each 
other  with  some  force,  so 
th^t,  holding  the  milled  heal 
r  between  the  fingers,  (he 
other,  y,  may  be  mowd, 
and  by  holding  the  latter  the 
former  can  be  moved.  Bni 
the  friction  is  sufficient  vliai 
the  drum  works  to  move  the 
two  wheels  a  and  b  and  ihe 
two  rackworks. 

The  two  charcopis  being 
placed  in  contact,  the  cur- 
rent of  a  powerfiil  baliery 
of  40  to  so  elements  reachw 
the  apparatus  by  mean?  of 
Ihe  wires  E  and  E'.  The 
current  rising  in  H  descends 
by  the  positive  charcoal,  then 
by  the  negative  charcoal, 
and  reaches  the  apparaiu'. 
but  without  passing  into  the 
rackwork  C,  or  into  the  pan 
on  the  right  of  the  plaie  N : 
these  pieces  being  insula"*' 
by  ivory  discs  placed  at  their 
lower  part.  The  current  ulti- 
-  mately  reaches  the  bobbin  I' 

which  forms  the  fool  of  the 
p;  regulator,  and  passes  inioibe 

wire  E'.  Inside  the  bobbin 
is  a  bar  of  soft  iron,  which  is  magnetised  as  long  as  the  current  passes  in 
the  bobbin,  and  demagnetised  when  it  does  not  pass,  and  this  lemporai)' 
magnet  is  the  regulator.  For  this  purpose  it  acts  attractively  on  an  anj"'" 
ture  of  soft  iron,  A,  open  in  the  centre  so  as  to  allow  the  rackwork  C  to 
pass,  and  fixed  at  the  end  of  a  lever,  «htch  works  on  two  points,  ""*■ 
and  transmits  a  slight  oscillation  to  a  rod,  rf,  which,  by  means  of  aealc^ 
/,  seizes  the  wheel  ;,  as  is  seen  on  a  larger  scale  in  fig.  ;i8.  By  »" 
endless  screw,  and,  a  series  of  toothed  wheels,  the  slop  is  iranstnrtted  lo 
the  drum,  and,  the  rackwork  being  fixed,  Ihe  same  is  the  case  with  ih* 
carbons.  This  is  what  takes  place  so  long  as  the  magnetisation  i"  '"^ 
bobbin  is  strong  ei\ough  to  keep  down  the  armature  A ;  but  in  propof- 


I  Browning's  Rcgnlator.  761 

15  the  carbons  wear  away,  the  current  becomes  feebler,  though  the 
c  arc  continues,  so  ihat  ultimately  the  atlractitin  of  Ihe  magnet  no 
r  counterbalances  a  spring  r,  which  continually  lends  to  raise  the 
iure.  ll  then  ascends,  the  piece  d  disengages  the  stop  i,  the  drum 
1,  and  the  carbons  come  nearer  ;  they  do  not,  however,  touch,  because 
rength  of  the  current  gains  the  upper  hand,  the ; 
Jie  carbons  remain  fixed.  As  their  distance  only  v. 
w  limits,  a  resular  and  continuous 
is  obtained  with  this  apparatus 
the  carbons  are  quite  used. 
•i  means  of  a  regulator,  Duboscq 
inaies  the  photogenic  apparatus 
sented  in  fig.  550,  by  which  all  the 

II  experiments  may  be  performed 
hich  sunlight  was  formerly  neces- 


TBcnl&tor.  ^  A 
.  simpler  app.itatus,  rcpresenlcd  in 
19,  has  been  devised  by  Browning, 
I  is  less  cosily  than  the  other 
t,  and  also  requires  a  smaller 
ler  of  elements  to  work  iL  The 
nl  enters  the  lamp  by  a  wire  at- 
d  lo  a  binding  screw  on  the  base 
e  instrument,  passing  up  the  pillar 
e  small  electro-magnet  loihecenire 

along  the  top   of  the  horizontal 
down    the   tefi-lian<l    bar  through 
wo  carbons,  and  away  by  a  wire 
led  to  a  binding  screw  on  the  left  : 
A  lube  holding  the  upper  carbon   ^^§ 

freely  up  and  down  a  tube  at  the 
rf  Ihe  cross-piece,  and  would  by  Fig-  7i». 

■n  weighi  rest  on  the  lower  carbon, 

le  eleciromagnei  is  provided  with  a  keeper,  to  which  is  aiiached  a  rest 
mcircles  the  carbon  lube  and  grasps  it.  When  the  electromagnet 
:  and  allracls  the  keeper,  the  rest  lightens,  and  thereby  prevcnls  the 
nt  of  the  carbon.  When  the  keeper  is  not  attracted  the  rest  loosens, 
le  carbon-holder  descends. 

hen  the  two  carbons  are  at  rest,  on  making  contact  with  a  battery  the 
It  traverses  both  carbons  and  no  light  is  produced.  Bui  if  the  upper 
n  be  raised  ever  bo  Utile,  a  brilliant  light  is  emitted.  When  the  lamp 
s  once  set  to  work,  Ihe  rod  aiiached  to  the  upper  carbon  may  be  let 
id  the  magnet  will  afterwards  keep  the  lamp  ai  work.     For  when  some 

carbon  is  consumed,  and  the  interval  between  the  two  is  loo  great  for 
(Trent  to  pass,  the  magnet  loses  some  of  its  power,  the  keeper  loosens 

d  on  the  carbon,  and  this  descends  by  its  own  weight.    When  they  are 

ently  near,  but  before  they  are  in  contact,  ihe  current  is  re-eslab- 
, ;  the  magnet  again  draws  on  the  keeper,  and  the  keepci  ag,am  cW'i'i.'a 
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the  descent  of  the  carbon,  and  so  forth.    Thus  the  points  are  retained  at  the 
right  distances  apart,  and  the  light  is  continuous  and  brilliant. 

Stohrer  has  devised  a  regulator  for  the  electrical  light  which 
is  ver>'  simple  in  principle,  and  which  also  only  requires  a  few 
elements.     Its  essential  features  are  represented  in  fig.  720,  in 
which  ^  is  a  cylinder  containing  glycerine  and  surrounded  by  the 
wire  of  the  circuital     In  this  is  a  hollow  cylindrical  floater  tf, 
nearly  as  wide  as  the  vessel ;  at  its  top  is  a  copper  tube  f, 
in  which  the  carbon  point  d  can  be  fixed.    A  stout  copper  wire 
fixed  to  the  bottom  of  the  float  dips  in  an  iron  tube  filled  with 
mercury,  with  which  is  connected  one  pole  of  the  battery  ;  the 
other  pole  is  connected  with  the  carbon  if,  which  is  supported 
in  a  suitable  manner.    The  size  of  the  float  is  such  that  it  moves 
slowly  upwards,  so  that  the  carbon  d  presses  with  but  ver>'  slight 
force  against  d\    This  can  be  regulated  by  placing  small  weights 
in  the  collar  on  c.    An  insulated  wire  forming  part  of  the  circuit 
is  coiled  in  a  spiral  k  round  the  cylinder  and  aids  the  regulation. 
837.  Properties   and  Intensltsr   of  tlie  •leetrio  liflitt— 
The  electric  light  has  similar  chemical   properties  to  solar 
light :  it  effects  the  combination  of  chlorine  and  hydrogen, 
Fii;.  720.      '^c^s   chemically  on   chloride  of   silver,  and  can    be  .ipplied 
in  photography,  though  not  for  taking  portraits,  as  it  fatigues 
the  sight  too  greatly. 

Passed  through  a  prism,  the  electric  light,  like  that  of  the  sun,  is  decom- 
posed and  gives  a  spectrum.  WoUaston,  and  more  especially  Fraunhofer, 
found  that  the  spectrum  of  the  electric  light  differs  from  that  of  other  lights, 
and  of  sunlight,  by  the  presence  of  several  very  bright  lines,  as  has  been 
already  stated  (578).  Wheatstone  was  the  first  to  observe  that  by  using 
electrodes  of  different  metals,  the  spectrum  and  the  lines  are  modified. 

Masson,  who  experimented  upon  the  light  of  the  electric  machine,  that  of 
the  voltaic  arc,  and  that  of  RuhmkorfTs  coil,  found  the  same  colours  in  the 
electric  spectrum  as  in  the  solar  spectrum,  but  traversed  by  very  brilliant 
luminous  bands  of  the  same  shades  as  that  of  the  colour  in  which  they  occur. 
The  number  and  position  of  these  bands  do  not  depend  on  the  intensity  of 
the  light,  but,  as  we  have  seen  (833),  upon  the  substances  between  which 
the  voltaic  arc  is  formed. 

With  carbon  the  lines  are  remarkable  for  their  number  and  brillianc)". 
with  zinc  the  spectrum  is  characterised  by  a  very  marked  apple-green  tint : 
silver  produces  a  very  intense  green  ;  with  lead  a  violet  tint  predominates, 
and  so  on  with  other  metals. 

Bunsen,  in  experimenting  with  48  couples,  and  removing  the  charcoals  to 
a  distance  of  a  quarter  of  an  inch,  found  that  the  intensity  of  the  electnc 
light  is  equal  to  that  of  572  candles. 

P'izeau  and  Fouc«iult  compared  the  chemical  effects  of  the  solar  and  the 
electric  lights  by  investigating  their  action  on  iodised  silver  plates.  R^' 
presenting  the  intensity  of  the  sun's  light  at  midday  at  icxx>,  these  physicists 
found  that  the  light  from  a  battery  of  46  Bunsen's  elements  was  235,  w^"^ 
that  from  one  of  80  elements  was  only  238.  It  follows  that  the  intensity  does 
not  increase  to  any  material  extent  with  the  number  of  the  couples  :  but  ex- 
periment shows  thai  \l  vncie^s^s  eoxvsv^^x^Vj  \4\vV  llveir  surface.    For  vitn 
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a  bailcry  of  46  elements,  each  consistinR  of  ihree  elements,  with  their  linc 
and  cropper  respecti\'ely  united  so  as  to  form  one  elenienl  of  triple  surJacV' 
(825;,  the  intensity  was  38;,  the  battery  working  for  an  hour ;  thai  is  lo  say, 
more  than  a  third  of  the  intensity  of  the  solar  light. 

Too  great  precautions  cannot  be  taken  agninst  the  efTects  of  the  electric 
light  when  they  attain  a  certain  intensity.  The  light  of  100  couples  may 
produce  very  painful  affections  of  the  eyes.  With  600,  a  single  moment's 
exposure  to  the  light  is  sufficient  10  produce  very  violeni  headaches  and 
pains  in  the  eye,  and  the  whole  frame  is  affected  as  by  a  powerful  siinsiroke. 

83S.  Bieotrloiirbtintr.— Great  progress  has  of  lale  been  made  in  the 
appHcation  of  ihe  electric  light  to  purposes  of  ordinary  illumination.  This 
progress  has  been  mainly  due  to  the  improvements  which  have  been  made 
in  the  means  of  generating  electricity,  for  which  some  form  of  magnetic  or 
dynamo- electrical  machine  (916),  driven  by  steam  or  water  power  or  by  gas 
engines  (476),  is  used.  So  long  as  the  electricity  from  the  voliaic  battery 
was  alone  available  for  the  production  of  the  electric  light,  no  great 
sion  was  possible,  for  the  cost  and  inconvenience  were  far  too  great 
permit  it  to  be  used  for  anything  more  than 
lecture  purposes  and  occasional  scenic  illu- 
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Very  considerable  improvements  have  also 

been  made  in  the  lamps,  which  are  ordinarily 

divided  into  arc  lamps,  in  which  the  light  is 

produced  between  carbon  points  autotnatically 

kept  at  a  constant  distance  by  the  action  of  the 

nirrent  itself,  and  incandfsctMt  lamps,  in  which 

the  light  is  produced  by  the   incandescence 

of  a  thin  continuous  solid  conductor.      To 

this  may  be  added  the  electrical  candles,  of 

which  the  best    known   is    the    Jabtochkoff 

candle.     It  consists  (fig.   721)  of  two  rods  of 

gas  carbon,  a  and  b,  from  2   to  4  mm.  in 

diameter,  separated  by  a  laj'er  of  kaolin  or 

Chinese  clay    about    2  mm.    thick,  fixed  re- 
spectively   in    the    supports,    lo    which    the 

positive    and    negatii-e  electrodes  A  B  are 

napectively  attached.    The  rods  arc  insulated 

from  each   other  by  the  whole  being  bound 

by  some  insulating  material. 

The  current  is  started  by  a  small  piece  o 

carbon,  n,  placed  across  the  top.  As  the  an 
Passes,  ihe  kaolin  melts  away,  and  the  ar 
■"angement  may  therefore  filly  be  called  a 
*"andle.  The  positive  electrode  wears  a«ay 
•  wice  as  fast  as  the  negative,  which  would 
Soon  destroy  the  arc,  but  by  using  alternating  f 
*>f  the  carbons  is  prevented. 

Fig.  72a,  which  represents  one  of  the  forms  of  an  arc  lamp,  may  b«  | 
*a|[en  as  an  example  of  the  manner  in  which  the  regulaiiotv  of  vt,i;  wt  I 
»s  effected. 
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Regniet's  electric  lamp,  fig.  722,  consists  of  a  rectangular  copper  rod  B, 
moving  In  a  copper  lube  A,  guided  by  four  pulleys  n,  of  which  only  two  air 
shown  ;  to  B  a  cross-piece  holding  a  thin  carbon  pencil  a 
is  fi>ed,  the  lower  part  of  which  passes  through  a  silver 
tj   ^^M  guide,  and  its  end  presses,  but  not  quite  over  the  centre, 

against  a  carbon  disc  m,  which  moves  about  a  horizontal 
axis.  The  piece  supporting  this  is  insulated  from  A,  but 
is  connected  with  the  negative  pole  by  a  wire  i.  The 
positive  current,  entering  by  A,  passes  by  C  10  a  small 
block  of  c;irbono,  which  presses  against  the  pencil.  Thus 
the  current  only  passes  through  a  very  small  portion  rf 
this  pencil,  and  it  is  this  small  portion  which  becomes 
incandescent  and  forms  the  arc.  The  rod,  as  it  bums 
away  and  sinks  by  its  own  weight,  rotates  the  disc  m 
slowly  and  prevents  its  being  irregularly  worn  away. 

When  either  of  the  carbon  electrodes  which  product 
the  electric  light  is  increased  in  size  its  increase  of  Hm- 
pcralure  is  lessened,  while  that  of  the  other  is  greater. 
When  Ihe  negative  electrode  is  large  the  light  of  the 
positive  electrode  is  very  bright.  This  is  seen  in 
,..  U'eriicrnianii's  ekcMc  lainfi^  which  consists  essentially 
^  'A  of  a  carbon  disc  about  2  inches  in  diameter  and  an  inch 
V  in  thickness,  which  is  connected  with  the  negative  pol( 
r^  of  the  bnttcry  ;  the  positive  pole  is  a  rod  of  carlwn 
about  3  cjn.  in  diameter,  of  any  suitable  length  ;  il  slides 
vertically  in  a  copper  lube,  which  serves  both  as  a  guide, 
:t  for  it;  this  is  pressed  upwards  against  the  centre  by  a 
t  pulley.  The  current  can  be  passed  abreast  "^vf^^ 
s  ten  of  such  lamps,  though  it  seemed  that  the  total  illuminating 
pOH-er  of  this  arrangement  is  not  so  gieat  as  when  only  two  parallel  liglit* 
are  employed. 

Sch«  endler  has  devised  a  new  unit  of  luminous  intensity  which  he  calls 
\\\c  platinum  light xtiiiniuni,  specially  for  use  with  the  electric  light.  "  's 
the  incandescence  produced  by  a  current  of  known  strength  {6'i5)  passing 
through  a  U-shaped  strip  of  plaiinum-foil  3628  mm.  inlength,  2  mm.  inbreadih, 
and  0017  mm.  in  thickness.  The  circuit  contains  a  rheostat  and  agalvan"- 
meter  by  which  the  constancy  of  the  ci;rrent  can  be  ensured  and  obsei''e4 
When  the  strength  of  the  current  is  constant  the  intensity  of  the  light,  ^^- 
ated  by  the  platinum,  is  constant  also,  and  fulfils  all  the  conditions  of  * 
standard  measure  of  light,  as  il  can  always  be  reproduced  in  exactly  fhf 
same  form  from  pure  platinum. 

From  a  comparison  of  the  electrical  arc  with  that  of  the  oxyhydropn 
flame,  Dewar  infers  thai  the  temperature  of  the  former  is  6,000°  C. 

The  resistance  of  the  voltaic  arc  was  found  by  Ayrton  and  Pen^'tol" 
12,  16,  and  JO  ohms,  according  as  5o,  80,  or  122  Grove's  cells  were  c"^' 
ployed  to  produce  il.  The  resistance  should  increase  with  the  number  of 
the  cells,  seeing  that  a  larger  arc  is  thereby  produced.  In  the  above  casell" 
resistance  of  each  cell  was  found  to  be  approximately  02  of  an  ohm  ;  h'"" 
Ihe  numbers  show  that  the  total  internal  is  nearly  equal  to  the  total  tfsx^^ 
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The  incandescent  lamps,  though  not  the  most  economical,  lend  themselves 
best  to  the  distribution  of  the  electric  light.  We  have  seen  that  when  a 
strong  current  of  elcciricity  is  passed  through  a  wire  of  small  conductivity, 
its  temperature  is  raised  to  incandescence ;  if  the  strength  of  the  current  is 
increased,  the  brightness  of  the  light  increases,  but  in  a  greater  ratio  than 
the  strength  of  the  current.  Unfortunately,  at  such  high  temperatures, 
wires  eyen  of  the  most  difficultly  fusible  metals,  fuse  or  are  disinle- 
ftraied  ;  and  the  only  material  which  does  not  fuse  at  the  highest  tem- 
perature is  carbon.  The  first  lamps  in  which  this  was  applied  were 
coostmcted  independently  by  Edison  in  America  and  Swan  in  this  country. 
FiS>  733  is  a  representation  of  Swan's  lamp.  Inside  the  globular  glass 
vessel  with  a  neck,  and  fused  to  it,  is  a  glass  rod,  through  which  pass  two 
platinum  wires,  bent  outside  in  loops.  These  loops  can  be  easily  fitted  in 
the  two  bent  wires  in  the  holder  (fig.  734],  which  are  in  contact  with  the 
binding  screws,  and  thus  allow  a  current  to  be  transmitted.  The  spring 
wire  exerts  an  upward  pressure,  so  as  to  always  ensure  good  contact. 
To  the  other  ends  of  the  platinum  are  fixed  the  characteristic  part,  the 
carbon  filament  -,  this  is  about  0*25  mm.  in  diameter,  and  is  bent  in  the  form 


of  a  double  loop.  It  is  prepared  by  immersing  crochet  cotton  in  sulphuric 
acid  of  a  certain  strength,  by  which  it  is  convened  into  what  is  known  as 
Vegetable  parchment.  This  is  then  carbonised  by  heating  it  to  a  high  tem- 
perature in  closed  vessels.  Before  sealing  the  bulb  it  is  exhausted  of  air  by 
nieans  of  a  Spren gel  pump,  and  the  vacuum  is  so  perfect  that  electricity  does 
not  pass  in  it.  Such  a  lamp  has  a  resistance  of  about  60  ohms.  The 
«0icitni-y  of  a  lamp  is  generally  expressed  as  the  number  of  candles  per 
horse'piower  of  the  engine  used  in  producing  the  light ;  the  average  efficiency 
of  such  a  lamp  may  be  taken  at  300. 

In  Edison's  lamp  the  carbon  filament  is  made  of  a  special  kind  of  bam- 
boo carbonised  at  high  temperatures  inclosed  nickel  moulds.  In  the  Maxim 
lamp,  and  in  that  of  Lane  Fos:,  the  carbon  filaments,  after  being  carbonised 
and  mounted,  are  heated  in  an  atmosphere  of  coal  gas  or  the  vapour  oC  a. 
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hydrocarbon  ;  in  this  way  carbon  is  deposited  on  the  filament,  by  which  it 
is  rendered  more  uniform  and  durable. 

839.  BCediaiiioal  effeets  of  the  battery. — Under  this  head  may  be  in- 
cluded the  motion  of  solids  and  liquids  effected  by  the  current.  An  example 
of  the  former  is  found  in  the  voltaic  arc,  in  which  there  is  a  passage  of  the 
molecules  of  carbon  from  the  positive  to  the  negative  pole  (834). 

The  mechanical  action  of  the  current  may  be  shown  by  meaps  of  the 
following  experiment  (fig.  725).  A  glass  tube  AB,  bent  at  the  two  ends,  about 
30  cm.  in  length  and  i  cm.  in  diameter,  is  almost  filled  with  dilute  sulphuric 
acid,  and  a  globule  of  mercury, ;//,  is  introduced.  The  whole  is  6xed  in  a 
support,  and  the  level  of  the  tube  can  be  adjusted  by  the  screw  /r,  the  drop 
of  mercury  itself  serving  as  index. 

When  the  two  poles  of  a  batter>'  of  4  or  5  cells  are  introduced  into  the 
two  ends,  the  globule  of  mercury  elongates  and  moves  towards  the  negative 
pole  with  a  velocity  which  increases  with  the  number  of  elements.  With 
24,  a  long  column  of  mercury  can  be  moved  through  a  tube  a  metre  in 
lenj:jth  ;  with  50,  the  velocity  is  greater,  and  the  mercury  divides  into  globules, 

all  moving  in  the  same  direc- 
^^\  tion.  If  the  direction  of  the 
— "  /  current  is  reversed,  the  mer- 
cury first  remains  stationary 
and  then  moves  in  the  oppo- 
site direction. 

If  the  tube  is  gently  in- 
clined towards  the  positive 
pole,  the  mercury  is  still 
moved  with  the  current ;  and 
a  moment  is  at  length  reached 
at  which  there  is  equilibrium 
between  the  impulsive  force 
of  the  current  and  the  weight 
of  the  mercur)'.  The  com- 
ponent of  this  weight  parallel  to  the  plane  may  then  be  taken  as  representing 
the  mechanical  action  of  the  current  which  traverses  the  globule  of  mercur}'. 
A  similar  phenomenon,  known  as  electrical  endosmose^  is  observed  m 
the  following  experiment,  due  to  Porret.  Having  divided  a  glass  vessel 
into  two  compartments  by  a  porous  diaphragm,  he  poured  water  mto 
the  two  compartments  to  the  same  height,  and  immersed  two  platinum 
electrodes  in  connection  with  a  battery  of  80  elements.  As  the  water 
became  decomposed,  part  of  the  liquid  was  carried  in  the  direction  of  the 
current  through  the  diaphragm,  from  the  positive  to  the  negative  compart- 
ment, where  the  level  rose  above  that  in  the  other  compartment.  A  solution 
of  blue  vitriol  is  best  for  these  experiments,  because  then  the  disturbmg 
influence  of  the  disengagement  of  gas  at  the  negative  electrode  is  avoided. 

The  converse  of  these  phenomena  is  observed  when  a  liquid  is  force<i 
through  a  diaphragm  by  mechanical  means.  Such  currents,  which  were  dis- 
covered by  Quincke,  are  called  diaphragm  currents, 

A  porous  diaphragm/  is  tixed  in  a  glass  tube  {^'^.  726),  in  which  are  also 
fused  two  platinum  wires  terminating  in  platinum  electrodes,  a  and^?  ^. 
forcing  a  liquid  iVirou^Vv  iVv^  diaphragm  the  existence  of  a  current  is  c^'' 
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denced  by  a  galvanometer  with  which  the  wires  are  connected,  the  direction 

of  which  is  that  of  the  flow  of  the  liquid.     The  difference  of  potential  due 

to  this  flow  is  proportional  to  the  pressure. 

According  to  Zollner,  all  circulatory  motions  in  liquids,  especially  when 

they  take  place  in  partial  contact  with  solids,  are  accompanied  by  electrical 

currents  which  have  generally 

the  same  direction  as  that  in 

which  the  current  flows. 

Wertheim  found   that   the 

elasticity  of  metal  wires  is  di-  A     » 

minished  by  the  current,  and  '*^"  '*  ' 

not  by  the  heat  alone,  but  by  the  electricity ;  he  has  also  found  that  the 

cohesion  is  diminished  by  the  passage  of  a  current. 

To  the  mechanical  effects  of  the  current  may  be  assigned  the  sounds  pro- 
duced in  soft  iron  when  submitted  to  the  magnetising  action  of  a  discon- 
tinuous current — a  phenomenon  which  will  be  subsequently  described. 

840.  Bleotro-oapUlaiT  plKonomena. — If  a  drop  of  mercury  be  placed  in 

dilute  sulphuric  acid  containing  a  trace  of  chromic  acid,  and  the  end  of  a 

bright   iron  wire  be  so 

fixed  that  it  dips  in  the 

acid  and  just  touches  the 

edge  of  the  mercury,  the 

latter  begins  a  series  of 

regular  vibrations  which 

may  last  for  hours.  The 

explanation  of  this  phe- 
nomenon,   which     was 

first  obser\ed  by  Kuhne, 

is  as   follows  : — When 

the    iron    first    touches 

the   mercury,   an    iron- 

niercury       couple       is 
formed,  in  consequence 
of  which  the  surface  of 
the  mercury  is  polarised 
by  the  deposition  of  an 
invisible  layer  of  hydro- 
gen ;   this   polarisation 
(806)  increases  the  sur- 
fa.ce  tension  of  the  mer- 
cury (138),  it  becomes 
'"ounder,    and    contact 
^vith  the  iron  is  broken ; 
tlie  chromic  acid  present  depolarises  the  mercur>',  its  original  shape  is  re- 
stored, the  couple  is  again  formed,  and  the  process  repeats  itself  continuously. 
Lippmann  has  been  led  by  the  observation  of  this  phenomenon  to  a 
Series  of  interesting  experimental  results,  which  have  demonstrated  a  rela- 
tion between  capillar)'  and  electrical  phenomena.     Of  these  results  the  most 
important  is  the  construction  of  a  capillary  elcclromcter. 

A  glass  tube,  A  (fig.  727),  is  drawn  out  to  a  fine  point,  atvd  va  ^^^ 


Fig.  727. 
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with  mercury  :  its  lower  end  dips  in  a  glass  vessel  B,  containing  mercury 
at  the  bottom  and  dilute  sulphuric  acid  at  the  top.  Platinum  wires  are 
fused  in  the  tubes  A  and  B,  and  terminate  in  the  binding  screws  a  and  b 

respectively. 

Now  at  the  beginning  of  the  experiment  the  position  ot  the  mercury  in  the 
drawn-out  tube  is  such  that  the  capillary  action  due  to  the  surface-tension 
at  the  plane  of  separation  of  the  mercury  in  the  tube  and  the  liquid  is  suffi- 
cient to  counterbalance  the  pressure  of  the  column  A.     This   position   is 
obsen'cd  by  means  of  a  microscope,  the  focus  of  which  is  at  the  fiducial 
mark  on  the  glass  at   which  the  mercury   stops.     If  now  a   difference  of 
potential  be  established,  by  connecting  the  poles  of  a  cell  with  the  wires  a 
and  b,  the  surface-tension  is  increased,  the  mercury  ascends  in  the  capillary 
tube,  and  in  order  to  bring  the  meniscus  back  to  its  former  position,  the 
pressure  on  A  must  be  increased.     This  is  most  simply  effected  by  means  of 
a  thick  caoutchouc  tube  T,  connected  with  the  top  of  A,  and  with  a  mano- 
meter H  ;  and  which  can  be  more  or  less  compressed  by  means  of  a  screw 
E,     The  difference  in  level  of  the   two  legs  of   the  manometer  is  thus  i 
measure  of  the  increase  of  the  surface-tension,  and  therewith  of  the  difference 
of  potential,     Lippmann  found  by  special  experiments  that  this  increase  is 
almost  directly  proportional  lo  the  electromotive  force,  up  to  about  0-9  of» 
Daniell's  element.     Each  electrometer  requires  a  special  table  of  graduation, 
but  when  once  this  is  constructed  it  can  be  directly  used  for  determining 
electromotive  forces.     It  should  not  be  used  for  greater  electromotive  forrts 
than  06  of  a  Daniell ;  but  it  can  estimate  the  one- thousandth  pan  of  this 
quantity,  and,  as  its  electrical  capacity  is  very  small,  it  can  show  rapid 
changes  of  potential,  which  ordinary  electrometers  cannot  do.     For  veiy 
small    electromotive    forces,    tht 
pressure  is  kept  constant,  and  the 
displacement   of   the   meniscus  is 
measured  by  the  microscope. 

841.  CbemloBl  effaoU.— These 
are  among  the  most  important  of 
all  the  actions,  either  of  tlie  simple 
or  compound  circuit.  The  fir^l 
decomposition  effected  by  the  bat- 
tery was  that  of  water,  in  1800,  by 
Carlisle  and  Nicholson,  by  means 
of  a  voltaic  pile.  Water  is  rapidly 
Fig- 7!3.  decomposed  by  4   or  5   Bunsen's 

cells  ;  the  apparatus  {fig.  73S)  i> 
very  convenient  for  the  purpose.  It  consists  of  a  glass  vessel  fixed  on 
a  wooden  base.  In  the  bottom  of  the  vessel  two  platinum  electrodes, 
h  and  «,  are  fitted,  communicating  by  means  of  copper  wires  with  the 
binding  screws.  The  vessel  is  filled  wiili  water  towhich  some  sulphiineacid 
has  been  added  to  increase  its  conductivity,  for  pure  water  is  a  very  imperfect 
conductor  ;  two  glass  tubes  tilled  with  water  are  inverted  over  the  electrodci, 
and  on  interposing  the  a])paralus  in  the  circuit  of  a  battery,  decomposition  is 
rapidly  set  up,  and  gas  bubbles  rise  from  the  surface  of  each  pole.  The 
volume  of  gas  liberated  at  the  negative  pole  is  about  double  that  at  ilw 


~8i8] 


Ekctrolyst 


769 


positive,  and  on  examination  the  former  gas  is  found  to  be  hydrogen  3n4 
the  latter  gas  oxygen.  This  experiment  accordingly  gives  at  once  the  quali- 
tative and  quantitative  analysis  of  water.  The  oxygen  thus  obtained  has 
the  peculiar  and  penetrating  odour  observed  when  an  electrical  machine  ii 
worked  (793),  and  which  is  due  to  ozone.  The  water  contains  at  the  same 
time  peroxide  of  hydrogen,  in  producing  which  some  oxygen  is  consumed. 
Moreover,  oxygen  is  somewhat  more  soluble  in  water  than  hydrogen. 
Owing  to  these  causes  the  volume  of  oxygen  is  less  than  that  required  by  the 
compiosition  of  water,  which  is  two  volumes  of  hydrogen  to  one  of  oxygen. 
Hence  voltameiric  measurements  are  most  exact  when  the  hydrogen 
alone  is  determined,  and  when  this  is  liberated  at  the  surface  of  a  small 
electrode. 

842.  aieotrolyBta. — The  term  electrolyte  was  applied  to  those  sub- 
stances which,  like  water,  are  resolved  into  their  elements  by  the  voltaic 
current,  by  Faraday,  to  whom  the  principal  discoveries  in  this  subject  and 
the  nomenclature  are  due.  Eleclrolysts  is  the  decomposition  by  the  voltaic 
battery  ;  the  positive  electrode  was  by  Faraday  called  the  anode,  and  the 
negative  electrode  the  kathode.  The  products  of  decomposition  are  ions  \ 
iation,  that  which  appears  at  the  kathode  ;  and  anion,  that  which  appears 
at  the  anode. 

By  means  of  the  battery,  the  compound  nature  of  several  substances 
which  had  previously  been  considered  as  elements  has  been  determined.  By 
means  of  a  battery  of  250  couples,  Davy,  shortly  after  the  discovery  of  the 
decomposition  of  water,  succeeded  in  decomposing  the  alkalies  potass  and 
soda,  and  proved  that  they  were  the  oxides  of  the  hitherto  unknown  metals 
potassium  and  sodium.  The  decomposition  of  potass  may  be  demonstraled 
with  the  aid  of  a  battery  of  4 
to  6  elements  in  the  following 
manner  ;  a  small  cavity  is 
made  in  a  piece  of  solid  caustic 
potass,  which  is  moistened,  and 
a  drop  of  mercury  placed  in  ii 
(Gg.  729).  The  potass  is  placed 
on  a  piece  of  platinum  con- 
nected with  the  positive  pole  of 
the  battery.  The  mercury  is 
then  touched  with  the  negative 
pole.  When  the  current  passes, 
the  potass  is  decomposed,  oxygen 
potassium  liberated  at  the  negative  poll 
distilling  this  amalgam  ( 
leaving  the  potassium. 

A  very  convenient  arrangement  for  the  preparation  of  metallic  magnesium 
and  some  of  the  rarer  metals  consists  of  an  ordinar>-  clay  tobacco-pipe,  in 
the  stem  of  which  an  iron  wire  is  inserted  just  extending  to  the  bowl,  which 
is  nearly  filled  with  a  mixture  of  the  chlorides  of  potassium  and  magnesium. 
This  is  melted  by  a  Bunsen's  burner,  and  a  piece  of  graphite  connected  by  a 
wire  with  the  positive  pole  of  a  battery  is  dipped  in  it,  the  wire  in  the  stem 
forming  Ihe  negative  pole.     When  the  current  passes  chlorine  gas  is  liberated 
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« 
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is  liberated  at  the  positive  pole,  while  the 
malgamaies  with  the  mercury.  On 
with  air,  the  mercury  passes  off, 
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n  collects  about  the  end  of  ihe 


towaids  all  preceding  c 
begins  with  oxygen  s 


at  the  positive  pole,  while  metallic  m^^nesiui 
iron  wire  in  the  bowl. 

The  decomposition  of  binary  compounds— that  is,  bodies  containing  l»o 
elements— is  quite  analogous  to  that  of  water  and  of  potass  ;  one  of  the  ele- 
ments goes  10  the  positive,  and  the  other  to  the  negative  pole.  The  bodies 
separated  at  the  positive  pole  are  called  eUdm- 
negativt  elements,  because  at  the  moment  of 
separation  they  are  considered  to  be  chaiged 
with  negative  electricity,  while  those  separaied 
at  the  negative  pole  are  called  electropesitivt 
elements.  One  and  the  same  body  may  be 
electronegative  or  electropositive,  according 
to  the  body  with  which  it  is  associated  For 
instance,  sulphur  is  electronegative  towanii 
hydrogen,  but  is  electroj>ositivc  towards  oxygen. 
The  various  elements  may  be  arranged  in  sucfa 
a  series  that  any  one  in  combination  is  electro- 
negative to  any  following,  but  electropositive 
IS.  This  is  called  the  tUctrochtmical  seriti,  and 
;  most  electronegative  element,  terminating  wiib 
;t  electrofKJsitive. 

The  decomposition  of  hydrochloric  acid  into  its  constituents,  chlorine  and 
hydrogen,  may  be  shown  by  means  of  Ihe  apparatus  represented  in  fig-  ?}"■ 
Carbon  electrodes  must,  however,  be  substituted  for  those  of  plaiinum, 
which  is  attacked  by  the  liberated  chlorine  ;  a  quantity  of  salt  also  must 
be  added  to  the  hydrochloric  acid,  in  order  to  diminish  the  solubility  of 
the  liberated  chlorine.  The  decomposition  of  potassium  iodide  maji  be 
demonstr.iicd  by  means  of  a  single  element.  For  this  purpose  a  piece  of 
bibulous  paper  is  soaked  with  a  solution  of  starch,  to  which  potassium 
iodide  is  added.  On  touching  this  paper  with  the  electrodes,  a  blue  spot  is 
produced  al  the  positive  pole,  due  to  the  action  of  the  liberated  iodine  on 
the  starch. 

One  of  the  best  methods  of  determining  whether  a  body  is  or  is  not  M 
electrolyte  is  to  place  it  between  two  platinum  electrodes,  and  then,  disen- 
gaging the  electrodes  from  the  battery,  connect  it  with  a  galvanometer,  and 
()bseni'c  whether  a  reverse  current,  due  to  polarisation  of  the  electrodes  (8c6) 
passes  through  the  galvanometer.  Such  a  current,  being  due  to  the  accu- 
mulation of  different  substances  on  the  two  electrodes,  is  a  proof  thai  ih' 
substance  has  been  elec trotyl  ically  decomposed  by  the  original  current  from 
ihc  battery.  This  method  can  often  be  applied  when  it  is  difficult,  by  dired 
chemical  methods,  to  detect  the  presence  of  products  of  decomposition  al 
the  electrodes. 

843.  Dfloompoiltlon  ofaalu. — Ternary- salts  in  solution  are  decomposed 
by  the  batter)',  and  then  present  effects  varying  with  the  chemical  affinifiM 
and  the  intensity  of  the  current.  In  all  cases  the  acid,  or  the  body  which  '* 
rhemically  equivalent  to  it,  is  electronegative  in  its  action  towards  ihe  ollif' 
constituent.  The  decomposition  of  sahs  may  be  readily  shown  bj-  means "' 
the  bent  tube  represented  in  fig.  730.  This  is  nearly  filled  with  a  saturate^ 
solution  of  a  salt,  say  sodium  sulphate,  coloured  with  tincture  of  violet*' 


The  platinum  electrodes  of  a  battery  of  four  Bunseti's  elements  are  then 
pl.nccd  in  ihe  two  legs  of  the  tube.  After  a  few  minutes  the  liquid  in  the  posi- 
live  leg.  A,  becomes  of  a  red,  and  thai  in  the-  negative  leg,  B,  of  a  green 
colour,  showing  that  the  salt  has  been  resolved  into  add  which  has  passed 
to  the  positive,  and  into  a  base  which  has  gone  to  the  negative  pole,  for  these 
are  the  effects  which  a  free  acid  and  a  free  base  respectively  produce  on 
e  of  violets. 
In  a  solution  of  copper  sulphate,  free  acid  and  oxygen  gas  appear  at 
the  positive  electrode,  and  meiallic  copper  is  deposited  at  the  negative  elec- 
trode. In  like  manner,  with  silver  nitrate,  metallic  silver  is  deposited  on 
the  negative,  while  free  acid  and  oxygen  appear  at  the  positive  electrode. 

This  decomposition  of  salts  was  formerly  explained  by  saying  that  fht 
rKid-was  liberated  at  the  positive  electrode  and  the  base  at  the  negiilive.  Thus 
potassium  sulphate,  K,OSO„  was  considered  to  be  resolved  into  sulphuric 
add,  SO,,  and  potash,  KjO.  This  view  regarded  salts  composed  of  three 
elements  as  ditfereni  in  their  constitution  from  binary  or  haloid  salts.  Their 
electrolytic  deportment  has  led  to  a  mode  of  regarding  the  constitution  of 
salts  which  brings  all  classes  of  them  under  one  category.  In  potassium 
sulphate,  for  instance,  the  electropositive  element  is  potassium,  while  the 
electronegative  element  is  a  complex  of  sulphur  and  oxygen,  which  is  regarded 
as  a  single  group,  SO,,  and  to  which  the  name  oxy-sulphion  may  be  assigned. 
The  formula  of  potassium  sulphate  would  thus  be  KjSO,,  and  its  decom- 
position would  be  quite  analogous  to  that  of  potassium  chloride,  KCI, 
lead  chloride,  PbCI,,  potassium  iodide,  KI.  The  electronegative  group 
SO'  corresponds  to  a  molecule  of  chlorine  or  iodine.  In  the  decomposition 
of  potassium  sulphate,  the  potassium  liberated  at  the  negative  pole  decom- 
poses water,  forming  potash  and  hberating  hydrogen.  In  like  manner  the 
electronegative  constituent  SOj,  which  cannot  exist  in  the  free  stale,  decom- 
poses into  oxygen  gas,  which  is  liberated,  and  into  anhydrous  sulphuric  acid, 
SO,,  which  immediately  combines  with  water  to  form  ordinary  sulphuric 
acid.  H,SO..  In  fact,  where  the  action  of  the  battery  is  strong,  these  gases 
are  liberated  at  the  corresponding  poles ;  in  other  cases  they  combine  in 
the  liquid  itself,  reproducing  water.  The  constitution  of  copper  sulphate, 
CuSO.,  and  of  silver  nitrate,  AgNO,,  and  their  decomposition,  will  be 
readily  understood  from  these  examples. 

844.  TrtmamUalona  effected  bytbe  onrrent. — In  chemical  decomposj- 
tinns  effected  by  the  battery  there  is  not  merely  a  separation  of  the  elements, 
bat  a  passage  of  the  one  to  the  positive  and  of  the  other  10  the  negative 

electrode.     This  phenomenon 

WM  demonstrated  by  Davy  by 

ineans  of  several  experiments, 

nf  which  the  two  following  are 

examples  :— 

i.  He  placed  solution  of  so- 
dium sulphate  in  two  capsules 

connected  by  a  thread  of  as- 

••estos  moistened  with  thi 

'olutinn,    and  immersed    thi 
Poaitive  elearode  in  one  of  the  capsuli 
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other.    The  salt  was  decomposed,  and  at  the  expiration  of  sometime  all  the 
sulphuric  acid  was  found  in  the  first  capsule,  and  the  soda  in  the  second. 

ii.  Having  taken  three  glasses,  A,  B,  and  C  (fig.  731),  he  poured  into  the 
first  solution  of  sodium  sulphate,  into  the  second  dilute  syrup  of  violets, 
and  into  the  third  pure  water,  and  connected  them  by  moistened  threads 
of  asbestos.     The  current  was  then  passed  in  the  direction  from  C  to  A^ 
The  sulphate  in  the  vessel  A  was  decomposed,  and  in  the  course  of  time 
there  was  nothing  but  soda  in  this  glass,  which  formed  the  negative  end, 
while  all  the  acid  had  been  transported  to  the  glass  C,  which  was  positive. 
If,  on  the  contrary,  the  current  passed  from  A  to  C,  the  soda  was  found  in  C, 
while  all  the  acid  remained  in  A ;  but  in  both  cases  the  remarkable  phe- 
nomenon was  seen  that  the  syrup  of  violets  in  B  neither  became  red  nor 
g^een  by  the  passage  of  the  acid  or  base  through  its  mass,  a  phenomenon  the 
explanation  of  which  is  based  on  the  hypothesis  enunciated  in  the  following 
paragraph. 

845.  Orothass*s  hypotliesis. — Grothiiss  has  given  the  following  explana- 
tion of  the  cnemical  decompositions  effected  by  the  battery.  Adopting  the 
hypothesis  that  in  every  binary  compound,  or  body  which  acts  as  such,  one 
of  the  elements  is  electropositive,  and  the  other  electronegative,  he  assumes 
that,  under  the  influence  of  the  contrary  electricities  of  the  electrodes,  there 
is  effected,  in  the  liquid  in  which  they  are  immersed,  a  series  of  successive 
decompositions  and  recompositions  from  one  pole  to  the  other.  Hence  it  is 
only  the  elements  of  the  terminal  molecules  which  do  not  recombine,  and 
remaining  free  appear  at  the  electrodes.  Water,  for  instance,  is  formed  of 
one  atom  of  oxygen  and  two  atoms  of  hydrogen,  the  first  gas  being  electro- 
negative, the  second  electropositive.  Hence  when  the  liquid  is  traversed  by 
a  sufficiently  powerful  current,  the  molecule  a  in  contact  with  the  positive 
pole  arranges  itself  as  shown  in  fig.  732 — that  is,  the  oxygen  is  attracted 
and  the  hydrogen  repelled.  The  oxygen  of  this  molecule  is  then  given  off  at 
the  positive  electrode,  the  liberated  hydrogen  immediately  unites  with  the 
oxygen  of  the  molecule  ^,  the  hydrogen  of  this  with  the  oxygen  of  the  mole- 
cule c,  and  so  on,  to  the  negative  electrode,  where  the  last  atoms  of  hydrogen 
become  free  and  appear  on  the  poles.  The  same  theory  applies  to  the 
metallic  oxides,  to  the  acids  and  salts,  and  explains  why  in  the  experiment 

mentioned  in  the  preceding  para- 


graph the  syrup  of  violets  in  the 
vessel  B  becomes  neither  red  nor 
green.  The  reason  why,  in  the 
fundamental  experiment,  the  hy- 
drogen is  given  off  at  the  nega- 
'^*  ^^'  tive  pole  when  the  circuit  is  closed 

will  be  readily  understood  from  a  consideration  of  this  hypothesis. 

Clausius  objects  that,  according  to  this  theory,  a  very  great  force  must 
be  required  for  overcoming  the  affinity  for  each  other  of  the  oppositely 
electrolysed  particles  of  the  compound  ;  and  that  below  a  certain  minimum 
strength  of  current  no  decomposition  could  occur.  Now  Buff  has  shown  that 
the  action  of  even  the  feeblest  currents  continued  for  a  long  time  can  pro- 
dace  decomposition.  Again,  when  the  necessary  strength  of  the  current  is 
obtained,  it  should  be  sudden  and  complete  ;  whereas  we  know  it  to  be  pro- 
portional to  ibe  slteT\^\.\v  ol  \.\\^  exwreut. 
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To  overcome  this  difficulty  Clausius  applies  the  theory  now  generally 
admitted  of  the  constitution  of  liquids  (292).  The  particles  of  a  compound 
liquid  have  not  the  rigid  unalterable  condition  of  a  solid  body  ;  they  are  in  a 
perpetual  state  of  separation  and  reunion,  so  that  we  must  suppose  compound 
bodies  and  their  elementary  constituents  to  coexist  with  each  other  in  a  liquid. 
Water,  for  instance,  contains  particles  of  water,  together  with  particles  of 
oxygen  and  of  hydrogen  ;  the  former  are  being  continually  decomposed 
and  the  latter  continually  reunited.  When  the  voltaic  current  passes  it 
acts  on  the  motion  of  the  molecules  in  such  a  manner  that  the  negatively 
electrical  particles  of  oxygen  pass  to  the  positive  electrode,  and  the  positively 
electrical  particles  of  hydrogen  to  the  negative  electrode.  Hence  the  cur- 
rent does  not  bring  about  the  decomposition,  but  utilises  it,  to  give  definite 
direction  to  the  particles  which  are  already  separated. 

It  has  been  found  that  the  electrolytic  resistance,  which  the  molecules 
experience  in  their  being  moved  by  the  current,  is  of  the  same  order  of 
magnitude  as  the  capillary  resistance  which  results  from  their  friction  in  the 
liquid.  Nothing  is  opposed  to  the  idea  that  electrolysis  is  a  purely  mechani- 
cal process.  Decomposition  occurs  in  the  first  place  by  dissociation  ;  the 
difference  of  potential  is  the  force  in  virtue  of  which  the  previously  united 
molecules  are  urged  in  contrary  directions.  The  moving  molecules  are  the 
carriers  of  the  motion  of  electricity  and  produce  the  current ;  the  resistance 
which  they  thereby  experience  is  the  electrical  resistance  of  the  liquid.  This 
therefore  is  the  cause  of  the  development  of  heat  in  the  circuit. 

846.  &«ws  of  electrolysis. — The  laws  of  electrolysis  were  discovered 
by  Faraday  :  the  most  important  of  them  are  as  follows  : — 

I.  Electrolysis  cannot  take  place  unless  the  electrolyte  is  a  conductor. 
Hence  ice  is  not  decomposed  by  the  battery,  because  it  is  a  bad  conductor. 
Other  bodies,  such  as  lead  oxide,  silver  chloride,  etc.,  are  only  electrolysed 
in  a  fused  state — that  is,  when  they  can  conduct  the  current. 

I I.  The  energy  of  tlie  electrolytic  action  of  the  current  is  the  same  in  all 
its  parts, 

III.  The  same  quantity  of  electricity — that  is,  the  same  electric  current — 
decomposes  chemically  equivalent  quantities  of  all  the  bodies  which  it  tra- 
verses ;  from  which  it  follows,  that  the  weights  of  elements  separated  in  these 
electrolytes  are  to  each  other  as  their  chemical  equivalents. 

In  a  circuit  containing  a  voltameter  V,  Faraday  introduced  a  tube,  AB, 
containing  tin  chloride  kept  in  a  state  of  fusion  by  the  heat  of  a  spirit 
lamp  (fig.  733).  In  the  bottom  of  this  the  negative  pole  was  fused,  while  the 
positive  electrode  consisted  of  a  rod  of  graphite  ;  when  the  current  passed 
chlorine  was  liberated  at  the  positive,  while  tin  collected  at  the  negative 
pole ;  in  like  manner  lead  oxide  was  electrolysed  and  yielded  lead  at  the 
negative  and  oxygen  at  the  positive  pole.  Comparing  the  quantities  of 
substances  liberated,  they  are  found  to  be  in  a  certain  definite  relation. 
Thus  for  every  18  parts  of  water  decomposed  in  the  voltameter  there  will 
be  liberated  2  parts  of  hydrogen,  207  parts  of  lead,  and  117  of  tin  at  the 
respective  negative  electrodes,  and  16  parts  of  oxygen,  and  71  (or  2  x  35*5) 
parts  of  chlorine  at  the  corresponding  positive  electrodes.  Now  these 
numbers  are  exactly  as  the  equivalents  (not  as  the  atomic  weights)  of  the 
bodies. 
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I  twill  further  be  found  that  in  each  of  the  cells  of  the  battery  65  parts  by 
weight  of  zinc  have  been  dissolved  for  every  two  parts  by  weight  of  hydrogen 
liberated  ;  that  is,  that  for  every  equivalent  of  a  substance  decomposed  in  tfae 
circuit  one  equivalent  of  zinc  is  dissolved.  This  is  the  case  whatever  be  the 
number  of  ceils.  An  increase  in  the  number  only  has  the  effect  of  oier- 
coming  the  great  resistance  which  many  electrolytes  otfer,  and  of  acceleraling 
the  decomposition.     It  does  not  increase  the  quantity  of  electrolyte  decom- 


posed. If  in  any  of  the  cells  more  than  65  parts  of  linc  are  dissolved  for 
every  two  parts  of  hydrogen  liberated,  this  arises  from  a  disadvantageous 
local  action  ;  and  the  more  perfect  the  battery,  the  more  nearly  does  it 
approach  this  ratio.  If  the  current  be  passed  in  succession  through  a 
series  of  oxides  and  of  sesquioxides,  it  is  found  that  equivalents  of  the 
metalloids  are  separated  and  not  the  metals. 

IV.  It  follows  from  the  above  law,  that 
I  /iie  quantity  of  a  body  decomposed  in  1 
given  time  w  proporiionat  to  the  strength 
of  the  current.  On  this  is  founded  the 
use  of  Faraday's  voltameter,  in  which  lh« 
intensity  of  a  current  is  ascertained  from 
the  quantity  of  water  which  it  decomposes 
in  a  given  time. 

A  convenient  form  of  this  instrumeni  is 
that  represented  in  fig.  734.     The  vessel  ^ 
is  that  in  which  the  water  is  decomposed, 
and  contains  two  platinum  plates,  and  is 
in  connection  with  the  fiask  i*,  which  con- 
tains water.     In  this  is  a   lateral  deliver)' 
lube  c,  which  is  inclined  until  the  level  o* 
the  liquid  in  it  is  the  same  as  in  the  funnel 
lube  H.     The  air  is  then  under  the  saif* 
pressure  as  the  atmosphere.      When  iK* 
battery  is  connected  with  the  decomposi  »*" 
cell  (t,   the  gases  disengaged  expel  a  az^^' 
responding  volume   of  water  through  ilC^' 
t  iVie  conclusion  of  the  experiment,  this  lube  is  inclin^^ 


delivery  tube  c 


Tangent  Gah 

until  the  liquid  is  al  the  same  level 
weight  of  the  liquid  expelled  is  then 
the  disengaged  gases. 

This  use  of  this  voltameter  appears  simple  and  convenient ;  and  hence 
some  physicists  have  ^TOpamA  as  unit  of  the  Urength  of  current,  that  cur- 
rtHt  which  in  one  minute  yields  a  cubic  centimetre  of  mixed  gas  reduced 
to  Ike  temperature  o°  and  the  pressure  760  mm.  This  \%Jacobfs  unit.  Yet, 
tor  reasons  mentioned  before  (841),  the  measurements  should  be  based  on 
the  volume  of  hydrogen  liberated. 

PoggendorfPs  silver  voltameter^  fig.  735,  is  an  instrument  for  measuring 
the  strength  of  the  current.  A  solution  of  silver  nitrate  of  known  strength 
is  placed  in  a  platinum  dish  which  rests  on  a  brass  plate  that  can  bi 
nected  with  the  negative  pole  of  the  battery  by  means  of  the  binding 
b.  In  this  solution  dips  the  positive  pole,  which  consists  of  a  rod  of  silver 
wrapped  Tound  with  muslin,  and  suspended  to  an  adjustable  support.  When 
the  current  passes  silver  separates  at  the  negative  pole,  and  is  washed,  dried, 
and  weighed  ;  and  the  weight  thus  produced  in  a  given  time  is  a  very  accu- 
rate measure  of  the  strength  of  the  current.  Some  silver  particles  which  are 
apt  to  become  detached  from  the  positive  pole  are  retained  in  the  muslin. 

It  has  been  found  by  experiment  that  when  water  is  decomposed,  a  cur 
rent  of  i  Ampire  liberates  00000104  grammes  of  hydrogen  in  3  second 
this,  then,  is  the  electrochemical  equivalent  of  hydrogen,  and  from  thi<  we 
tan  deduce  the  weight  of  any  metal  liberated  in  the  same  time  by 
current  if  we  multiply  it  by  the  e<|uivalent  (not  atomic)  weight  of  the 
metal  referred  to  hydrogen.  Thus  the 
equivalent  of  silver  is  108;  hence,  if  any 
of  its  salts  are  decomposed,  the  weight 
of  silver  liberated  by  an  Amptre  in  a 
second  is  o-ooi  1232  gramme. 

The  current  from  the  electrical 
machine,  which  is  of  very  high  poten- 
tial, is  capable  of  traversing  any  elec- 
trolyte, but  the  quantity  which  it  can 
decompose  is  extremely  small  as  com- 
pared with  even  the  smallest  voUaic 
apparatus,  and  the  quantity  of  electricity 
developed  by  the  frictional  machine  is 
very  small  as  compared  with  that  de- 
veloped by  chemical  action. 

It  has  been  calculated  by  Weber, 
thai  if  the  quantity  of  posiii 
required  to  decompose  a  grain  of 
were  accumulated  on  a  cloud  at  a  dis- 
tance of  3,000  feet  from  the  earth's  sur- 
face, it  would  exert  an  atlratlive  force 
upm  ihe  earth  of  upwards  of  1,500  tons. 

847.  Comparlaonbatweenttie  tangent  KalTaiiDmeter  and  the  Tolta- 
»«er.— There  are  several  objections  to  the  use  of  the  voltameter. 
;  the  strength  at  any  gii-en  moment, foi 


the   ^H 
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to  obtain  measurable  quantities  of  gas  the  current  must  be  continued  for  some 
time.  Again,  the  voltameter  gives  no  indications  of  the  changes  which  take 
place  in  this  time,  but  only  the  mean  intensity.  It  oflfers  also  great  resistance, 
and  can  thus  only  be  used  in  the  case  of  strong  currents ;  for  such  currents 
either  do  not  decompose  water,  or  only  yield  quantities  too  small  for  accurate 
measurement.  In  addition  to  this,  the  indications  of  the  voltameter  depend 
not  only  on  the  intensity  of  the  current,  but  on  the  acidity  of  the  water,  and 
on  the  distance  and  size  of  the  electrodes. 

The  magnetic  measurements  are  preferable  to  the  chemical  ones.  Not 
only  are  they  more  delicate  and  oflfer  less  resistance,  but  they  give  the  in- 
tensity at  any  moment.  On  the  other  hand,  indications  furnished  by  the 
tangent  galvanometer  hold  only  for  one  special  instrument.  They  vary 
with  the  diameter  of  the  ring  and  the  number  of  turns  ;  moreover,  one 
and  the  same  instrument  will  give  diflferent  indications  on  different  places, 
seeing  that  the  force  of  the  earth's  magnetism  varies  from  one  place  to 
another  (701). 

The  indications  of  the  two  instruments  may,  however,  be  readily  com- 
pared with  one  another.  For  this  purpose  the  voltameter  and  the  tangent 
galvanometer  are  simultaneously  inserted  in  the  circuit  of  a  battery,  and 
the  deflection  of  the  needle  and  the  amount  of  gas  liberated  in  a  given  time 
are  noted.  In  one  special  set  of  experiments  the  following  results  were 
obtained  : — 


i 


Numlier  of 
Flemcnts. 


Deflection. 


Gas  liberated  in 
three  minutes. 


12 
8 
6 

3 


28-5° 

24-8 

22*0 

1375 

6*9 


125CC. 
106 

93 
56 
24 


If  we  divide  the  tangents  of  the  angles  into  the  corresponding  volumes 
of  gas  liberated  in  one  minute,  we  should  obtain  a  constant  magnitude  which 
represents  how  much  gas  is  developed  in  a  minute  by  a  current  which  could 
produce  on  the  tangent  galvanometer  the  deflection  45°,  for  tang.  45''"^' 
Making  this  calculation  with  the  above  observations,  we  obtain  a  set  of 
closely  agreeing  numbers,  the  mean  of  which  is  76*5.  The  gas  was  measured 
under  a  pressure  of  Tyj  mm.  and  at  a  temperature  of  15°,  and  therefore 
under  normal  conditions  (332)  its  volume  would  be  70  cubic  centimetres. 
That  is  to  say,  this  is  the  volume  of  gas  which  corresponds  to  a  deflection 

of  45°. 

Hence  in  chemical  measure  the  strength  C  of  a  current  which  produces 

in  this  particular  tangent  galvanometer  a  deflection  of  d>®  is 

C  =  70  tang.  0. 

For  instance,  supposing  a  current  produced  in  this  tangent  galvanometer 
a  deflection  of  54**,  this  current,  if  it  passed  through  a  voltameter,  would 
liberate  in  a  minute  70  x  xaxv^.  5^°  =  70  »<  i  -376  -  96-32  cubic  centimetres  oi^ 
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if  once  the  reductioH  fiictar  for  a  tangent  galvanometer  has  been  deter- 
mined, the  strength  of  any  current  may  be  readily  calculated  in  chemical 
measure  by  a  simple  reading  of  the  angle  of  deflection.  This  reduction  factor 
of  course  only  holds  for  one  special  instrument,  and  for  experiments  in  the 
same  place,  seeing  (hat  the  force  of  the  earth's  magnetism  varies  in  different 

The  indications  of  the  sine-compass  may  be  compared  with  ihose  of  the 
galvanometer  in  a  similar  manner. 

848.  PoteriBBtloii. — When  the  platinum  electrodes,  which  have  been 
used  in  decomposinR  water,  are  disconnected  from  the  battery,  and  con- 
nected with  a  galvanomeler,  the  existence  of  a  current  is  indicated  which  has 
the  opposite  direction  to  that  which  had  previously  passed.  This  pheno- 
menon is  explained  by  the  fact  thai  oxygen  has  been  condensed  on  the  surface 
of  the  positive  plate,  nnd  hydrogen  on  the  surface  of  the  negative  plate,  analo- 
gous to  what  has  been  already  seen  in  the  case  of  the  nonconstanl  batteries 
(806).  The  effect  of  this  is  to  produce  two  different  electromotors,  which 
produce  a  current  opposed  in  direction  to  the  original  one,  and  which,  there- 
fore, must  weaken  it.  As  the  two  electrodes  thus  become  the  poles  of  a  new 
cuncDt,  they  are  said  tobe^o/iin'wrf,  and  the  current  is  called  a^/awoftiJ«- 
current.  The  degree  of  polarisation  is  considerable;  it  increases  with  (he 
strength  of  the  current,  attaining  the  force  of  2*6  volts  with  platinum  plates 
in  dilute  sulphuric  acid.  It  constitutes  a  negative  electromotive  force  and 
must  be  allowed  for  in  Ohm's  formula. 

849.  ••ooadftrr  bfttteriw.— Ritter  was  the  tirst  to  show  that  on  this 
principle  batteries  might  be  constructed  of  pieces  of  metal  of  the  same 
kind — for  instance,  platinum— which  otherwise  give  no  current.  A  piece 
of  moistened  cloih  is  interposed  between  each  pair,  and  each  end  of  this 
system  is  connected  with  the  poles  of  a  batteiy.  After  some  time  the  appa- 
ratus has  received  a  charge,  and  if  separated  from  the  battery  can  itself  pro. 
duce  all  the  effects  of  a  voltaic  battery.  Such  batteries  are  called  secondary 
batteries.  Their  action  depends  on  an  alteration  of  the  surface  of  the 
metal  produced  by  the  elearic  current,  the  constituents  of  the  liquid  with 
which  the  cloth  is  moistened  having  became  accumulated  on  the  apposite 
plates  of  the  circuit. 

Plantd  first  showed  the  practical  importance  of  these  batteries. 


meat  (fig.  736)  is  constructed  a 
tongue  is  l;>id  upon  a  second 
similar  sheet,  contact  being 
prevented  by  narrow  strips 
of    felt ;    and   two   similar 
strips  having  been  laid  on 
the  upper  piece,  the  sheets 
are  rolled  together 
form   a    compact  cylinder. 
This  is  placed  in  a  vess 
containing  dilute   sulphur 
acid,  and,  being  connected 
by  wires    attached    to   thf 
tongues  with  a  battery  of  Iv 


A  broad  strip  of  sheet  lead 


1 
I 
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The  effect  of  this  is  that  water  is  decomposed,  oxygen  being  liberated  ai 
the  anode,  or  plate,  which  serves  as  |>ositive  pole,  and  there  unites  with 
the  lead,  forming  peroxide  of  lead,  while  hydrogen  is  accumulated  at  the 
other  plate.     If  now  the  plates  are  detached  from  the  charging  battery  and 
are  connected  with  each  other,  a  powerful  polarisation  current  is  produced 
in  the  opposite  direction  to  the  primary  ;  the  oxygen  of  the  peroxide  at  ih^ 
anode  decomposes  the   dilute  acid,   combining  with  its  hydrogen,  and  so 
travels  through  to  the  other  plate,  where  it  combines  with  the  lead.    When 
these  operations  are  repeated  several  times  the  activity  of  the  element  in- 
creases,  owing  in  great  measure  to  the  alteration  in  the  surfaces  which  is 
thereby  produced.   The  element  does,  in  fact,  require  some  time  and  energy 
to  charge  it.     Faure  has  made  an  improvement  in  this  direction.     It  con- 
sists m  coating  the  lead  plates  with  a  thick  paste  of  red  lead,  Pb,0,  soas  1o 
have  about  one  gramme  to  the  square  centimetre.  Thisiskept  iniisplacebya 
sheet  of  parchment  paper  and  slips  of  felt,  and  is  then 
coiled  up  as  in  Flame's  (fig.  737).     When  the  cuirtnt 
ed,  the  ultimate  effect  is  that  the  red  lead  at 
:  electrode  is  oxidised  to  Pb,0„  and  that  at  the 
other  into  metallic  lead  in  the  form  of  a  sponge,  which 
therefore  exposes  a  greater  surface. 

The  in\'erse  electromotive  force  of  such  a  couple  is 
about  2i  times  thai  of  a  Daniell's  cell,  so  that  three 
Daniell's  or  two  Grove's  cells  are  required  to  charge  ii. 
In  charging,  a  considerable  number  of  elements  aie 
joined  together  by  their  similar  poles,  and  connected 
uiih  the  respective  electrodes  of  the  charging  ban er> ; 
the  effect  is  the  same  as  that  of  using  a  single  elemerl 
'  of  a  surface  equal  to  the  sum  of  the  surfaces  0/  all 
the  elements.  By  meansof  a  specially  contrivedconi- 
mutator  ihey  may  be  arranged  tandem,  and  then  dis- 
charged, and  in  this  way  very  high  potentials  can  be 
as  such  batteries  could  be  charged  only  from  a  voltaif 
sver  be  economical ;  but  'he  fact  that  after  having  bee" 
;tain  the  charge  for  a  considerable  time,  has  led  to  their 
what  is  called  'storing  electricity'  produced  by  mechanical  po*f' 
through  the  agency  of  dynamo  and  magneto -electrical  machines.  What  ihey 
do  is  10  'iiorc  the  products  of  chemical  decomposition,  and  that  in  a  fotm 
m  which  they  are  immediately  available  for  electrical  effects. 

The  following  experiments  will  give  a  fair  idea  of  the  results  produced 
by  their  means.  A  battery  of  thirty-five  cells,  each  weighing  nearly  44 'ti'"K- 
was  connected  with  a  Siemens  dynamo  machine  (918),  in  working  which  one 
horse. power  was  employed  during  thiny-five  hours.  When  this  was  dis- 
charged through  eleven  Maxims  lamps,  these  were  kept  lighted  for  10  hours 
40  minutes.  The  measured  work  transmitted  to  the  dynamo  machine  m 
that  time  was  9,57o,txx>  kilogram  met  res  (61).  This  accumulated  in  'he 
h.iitery  an  amount  of  electric  energy  of  6,382,000  kgm.,  or  71  per  cent. 
While  the  battery  was  being  discharged  it  yielded  3,809,000,  or  do  pet  ce^'- 
of  ihc  work  stored  in  Ihe  form  of  electricity,  which  is  therefore  equivalent  10 
40  per  cent,  of  the  work  transmitted  to  the  dynamo  machine. 


obtained.  So  long 
battery  they  could  ni 
once  charged  they  ri 
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tbm  appears  that  each  kilogramme  weight  of  battery — that  is,  the 
of  the  le^d  and  coating,  together  with  the  acid,  requires  a  work  of 
Icilogrammelres  to  charge  it,  and  yields  2,500  kgin.  in  the  form  of 
;ity.  Each  of  the  above  lamps  gave  a  light  equal  to  I  4  Carcel  lamps — 
lard  lamp  much  used  in  France  and  ecjual  to  7'4  standard  candles  {509). 
herefore,  is  e([ual  to  [,21;  candles  for  one  hour  ;  hence  this  represents 
;gm.  per  hour  per  candle,  which  is  equal  to  O'oia  of  a  horse- power,  or 
junt  of  energy  equal  10  one  horse-power  in  the  accumulator  would  pro- 
1  candles  ;  so  that  one  horse-power  in  ihe  engine  is  equivalent  lo  the 
tion  of  33  candles  when  worked  through  a  battery  of  this  kind, 
ny  instructive  comparisons  may  be  made  between  a  secondary  bat- 
id  a  charged  Leyden  jar.  Thus,  for  instance,  when  the  poles  of  a 
ary  battery  have  been  connected  until  no  current  passes,  and  arc 
isconnected  for  a  while,  a  current  in  the  same  direction  as  the  tirat  is 
:d  on  again  connecting  them  ;  this  is  the  residuat discharge.  The 
y  of  a  secondary  battery  depends  on  the  area  of  the  elecirodea, 
r  nature,  and  on  that  of  the  interposed  liquid,  but  not  on  the  dis- 
setween  ihem.  The  energy  of  the  Leyden  jar  is  stored  in  that  state 
in  which  is  called  polarisation  of  the  dielectric;  in  the  secondary 
■  the  energy  consists  in  the  products  which  are  stored  up  on  the 
trf  the  electrodes  in  a  state  ranging  from  chemical  combination  10 
aical  adherence  or  simple  juxtaposition. 

ry  pile  which  has  become  inactive  may  be  used  as  a  secondary  battery, 
a  current  is  passed  through  it,  in  a  direction  contrary  to  that  which 
ive  battery  yields,  it  then  regains  its  activity. 

.  OravB'B  %m,%  twtteir. — On  the  property,  which  metals  have,  of  con- 
j  gases  on  their  surfaces,  Grove  constructed  his  _4'.iJ  biUtery,  fig,  738. 
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ve  towards  the  former.    As  the  current  passes  through  water  this  is 
iposed :  oxygen  is  separated  at  the  positive  plate  and  hydrogen  at  the 
These  gases  unite  with  the  gases  condensed  on  their  surface,  so  that 
'olume  of  gas  in  the  tubes  gradually  diminishes,  but  in  the  ratio  of  one 
me  of  oxygen  to  two  volumes  of  hydrogen.    These  elements  can  be 
ned  into  a  battery  {^%,  710)  by  joining  the  dissimilar  plates  with  on€t. 
>ther  just  as  they  are  joined  in  an  ordinary  battery.     One  element  0^ 
:h  a  battery  is  sufficient  to  decompose  potassium  iodide,  and  four  wil) 
compose  water. 

851.  Passive  state  of  iron. — With  polarisation  is  probably  connected  a 
ery  remarkable  chemical  phenomenon,  which  many  metals  exhibit,  but  more 
.specially  iron.     When  this  is  immersed  in  concentrated  nitric  acid  it  is 
anattacked.     This  condition  of  iron  is  called  the  passive  staie^  and  upon  it 
depends  the  possibility  of  the  zinc-iron  battery  (810).     It  is  probable  that  in 
the  above  experiment  a  thin  superficial  layer  of  protosesquioxide  of  iron  is 
formed,  which  is  then  negative  towards  platinum. 

852.  «oblli*s  linrs. — When  a  drop  of  acetate  of  copper  is  placed  on  a 
silver  plate,  and  the  silver  is  touched  in  the  middle  of  a  drop  with  a  piece 
of  zinc,  there  are  formed  around  the  point  of  contact  a  series  of  copper  rings 
alternately  dark  and  light.     These  are  Nobiifs  coloured  rings.    They  may 
be  obtained  in  beautiful  iridescent  colours  by  the  following  process  :  A  solu- 
tion of  lead  oxide  in  potash  is  obtained  by  boiling  finely  powdered  litharge 
in  a  solution  of  potash.     In  this  solution  is  immersed  a  polished  plate  of 
silver  or  of  German  silver,  which  is  connected  with  the  positive  electrode  of 
a  battery  of  eight  Bunsen's  elements.     With  the  negative  pole  is  connected 
a  fine  platinum  wire  fused  in  glass,  so  that  only  its  point  projects  ;  and  this 
is  placed  in  the  liquid  at  a  small  distance  from  the  plate.     Around  this  point 
binoxide  of  lead  is  separated  on  the  plate  in  very  thin  concentric  layers,  the 
thickness  of  which  decreases  from  the  middle.     They  show  the  same  series 
of  colours  as  Newton's  coloured  rings  in  transmitted  light.     The  binoxide  of 
lead  owes  its  origin  to  a  secondary  decomposition  ;  by  the  passage  of  th 
current  some  lead  oxide  is  decomposed  into  metallic  lead,  which  is  dcp 
sited  at  the  negative  pole,  and  oxygen  which  is  liberated  at  the  positive ;  a 
this  oxygen  combines  with  some  oxide  of  lead  to  form  binoxide,  whid 
deposited  on  the  positive  pole  as  the  decomposition  proceeds. 

The  effects  are  also  well  seen  if  a  solution  of  copper  sulphate  is  pi' 
on  a   silver  plate,  which  is  touched  with  a  zinc  rod,  the  point  of  whi 
in  the  solution  ;  for  then  a  current  is  formed  by  these  metals  and  the  1 

853.  Arbor  Satarmi,  or  lead  tree.     Arbor  DlanflD. — When,  in  < 
tion  of  a  salt,  is  immersed  a  metal  which  is  more  oxidisable  than  the 
of  the  salt,  the  latter  is  precipitated  by  the  former,  while  the  immerse 
is  substituted  equivalent  for  equivalent  for  the  metal  of  the  salt.     T 
cipitation  of  one  metal  by  another  is  partly  attributable  to  the  d 
in  their  affinities,  and  partly  to  the  action  of  a  current  which  is  5 
soon  as  a  portion  of  the  less  oxidisable  metal  has  been  deposit 
action  is  promoted  by  the  presence  of  a  slight  excess  of  acid  in  th 

A  remarkable  instance  of  the  precipitation  of  one  metal  by 
the  Arbor  Saturnt.  This  name  is  given  to  a  series  of  brillia* 
crystallisations   obtained    by   zinc  in    solutions   of  lead    acetat< 
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flask  is  filled  with  a  clear  solution  of  this  salt,  and  the  vessel  closed  with  a 
cork,  to  which  is  fixed  a  piece  of  zinc  in  contact  with  some  copper  wire. 
The  flask,  being  closed,  is  left  to  itself.  The  copper  wire  at  once  begins  to 
be  covered  with  a  moss-like  growth  of  metallic  lead,  out  of  which  brilliant 
crystallised  laminae  of  the  same  metal  continue  to  form ;  the  whole  pheno- 
menon has  great  resemblance  to  the  growth  of  vegetation,  from  which  indeed 
the  old  alchemical  name  is  derived.  For  the  same  reason  the  name  arbor 
lyiana  has  been  given  to  the  metallic  deposit  produced  in  a  similar  manner 
by  mercury  in  a  solution  of  silver  nitrate. 


ELECTROMETALLURGY. 

854.  aieetrometalliarfT'. — The  decomposition  of  salts  by  the  battery 
Has  received  a  most  important  application  in  electrometallurgy^  or  galvano- 
plastics,  or  the  art  of  precipitating  certain  metals  from  their  solutions  by  the 
slow  action  of  a  galvanic  current,  by  which  means  the  salts  of  certain 
metals  are  decomposed,  the  metal  being  deposited  on  the  negative  pole, 
while  the  acid  is  liberated  at  the  positive.  The  art  was  discovered  inde- 
pendently by  Spencer  in  England,  and  by  Jacobi  in  Petersburg. 

In  order  to  obtain  a  galvanoplastic  reproduction  of  a  medal  or  any  other 
object,  a  mould  must  first  be  made,  on  which  the  layer  of  metal  is  deposited 
by  the  electric  current. 

For  this  purpose  several  substances  are  in  use,  and  one  or  the  other 
is  preferred  according  to  circumstances.  For  medals  and  similar  objects 
which  can  be  submitted  to  pressure,  gutta-percha  may  be  used  with  advan- 
tage. The  gutta-percha  is  softened  in  hot  water,  pressed  against  the  object 
to  be  copied,  and  allowed  to  cool,  when  it  can  be  detached  without  dif)iculty. 
For  the  reproduction  of  engraved  woodblocks  or  type,  wax  moulds  are 
now  commonly  used.  They  are  prepared  by  pouring  into  a  narrow  flat  pan 
a  suitable  mixture  of  wax,  tallow,  and  Venice  turpentine,  which  is  allowed  to 
set,  and  is  then  carefully  brushed  over  with  very  finely  powdered  graphite. 
While  this  composition  is  still  somewhat  soft,  the  woodblock  or  type  is 
pressed  upon  it  either  by  a  screw  press,  or,  still  better,  by  hydraulic  pressure. 
If  plaster  of  Paris  moulds  are  to  be  made  use  of,  it  is  essential  that  they  be 
first  thoroughly  saturated  with  wax  or  tallow  so  as  to  become  impervious  to 
water. 

In  all  cases,  whether  the  moulds  be  of  gutta-percha  or  wax,  or  any  non- 
conducting substance,  it  is  of  the  highest  importance  that  the  surface  be 
brushed  over  very  carefully  with  graphite,  and  so  made  a  good  conductor. 
The  conducting  surface  thus  prepared  must  also  be  in  metallic  contact  with 
CI  wire  or  a  strip  of  copper  by  which  it  is  connected  with  the  negative  elec- 
trode. Sometimes  the  moulds  are  made  of  a  fusible  alloy  (340),  which  may 
consist  of  5  parts  of  lead,  8  of  bismuth,  and  3  of  tin.  Some  of  the  melted 
alloy  is  poured  into  a  shallow  box,  and  just  as  it  begins  to  solidify,  the  medal 
is  placed  horizontally  on  it  in  a  fixed  position.  When  the  alloy  has  become 
cool,  a  slight  shock  is  sufficient  to  detach  the  medal.  A  copper  wire  is  then 
bound  round  the  edge  of  the  mould,  by  which  it  can  be  connected  with 
the  negative  electrode  of  the  battery,  and  then  the  edge  and  the  '     ''  '^^^^ 
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covered  with  a  thin  non-conducting  layer  of  w 
fonned  on  the  mould  itself. 

The  most  suitable  arrangement  for  producing  an  electro- deposit  of  copper 
consists  of  a  trough  of  glass,  slate,  or  of  wood,  lined  with  india-rubber  or 
coated  with  marine  glue  (lig.  739).  This  contains  an  acid  solution  of  copper 
sulphate,and  across  it  are  stretched  copper  rods,  B  and  D,  connected  respec- 
tively with  the  negative  and  positive  poles  of  a  battery.  By  their  copper 
conductors  the  moulds,  m,  are  suspended  in  the  liquid  from  the  negative  rod 
II,  whilst  a  sheet  of  copper,  C,  presenting  a  surface  about  equal  to  that  of  the 
moulds  10  be  covered,  is  suspended  from  the  positive  rod  D,  at  the  distant:* 
of  about  2  Inches,  directly  opposite  to  them. 

The  battery  employed  for  the  electric  deposition  of  metals  ought  to  be  one 
of  great  constancy,  and  Daniell'sand  Smee's  are  mostly  in  use.  The  currents 
of  electricity  furnished  by  magneto- electrical  machines  of  a  special  constnic- 
lion  are  also  used  in  large  establishments  (913). 

The  copper  plate  suspended  from  the  positive  pole  serves  a  double 
purpose 


ir  with  vegetable  parchment,  is  i"^' 


cess  for  producing  the  electric  depos 
of  what  is  in  effect  a  Daniell's  cell. 

covered  at  the  bi>ttom  with  bladder  -^ r- —  • 

mersed  in  a  vessel  of  larger  capacity  containing  a  concentrated  solution  « 
copper  sulphate.  The  porous  vessel  contains  acidulated  water,  and  in  ii  1* 
suspended  a  piece  of  amalgamated  imc  of  suitable  form;  and  having* 
surface  about  equal  to  that  of  the  mould.  The  latter  is  attached  to  an  insu- 
lated wire  connected  wiih  ihe  zinc,  and  is  immersed  in  the  solution  of  copp« 
sulphate  in  such  a  position  thai  it  is  directly  opposite  to  the  diaphr^l''*- 
The  action  commences  by  the  mould  becoming  covered  with  copper,  com- 
mencing at  the  point  of  contact  with  the  conductor,  and  gradually  increasing 
in  thickness  in  proportion  to  the  aciionof  the  Daniell's  element  thus  forme''- 
It  is  of  course  essential  in  the  process  lo  keep  the  solution  of  copper  sulphaie 
at  a  uniform  strength,  which  is  done  by  suspending  in  it  muslin  bags  liHw 
with  crystals  of  this  salt. 

How  great  is  the  delicacy  which  such  electric  deposits  can  attain  appe^'* 
from  the  fact  thai  galvanoplastic  copies  can  be  made  of  daguerreotypM' 
which  are  of  the  greatest  accuracy. 
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15.  atoctroiildlBf — The  old  method  of  gilding  was  by  means  of 
iiry.  It  was  effected  by  an  amalgam  of  gold  and  mercury,  which  was 
ed  on  the  metal  to  be  gilt.  The  objects  thus  covered  were  heated  in  a 
ce,  the  mercury  volatilised,  and  the  gold  remained  in  a  very  thin  layer 
e  objects.  The  same  process  was  used  for  silvering ;  but  they  were 
isive  and  unhealthy  methods,  and  have  now  been  entirely  replaced  by 
"ogilding  and  electrosilvering.  Electrogilding  only  differs  from  the 
ss  described  in  the  previous  paragraph  in  that  the  layer  is  thinner  and 
"es  more  firmly.  Brugnatelli,  a  pupil  of  Volta,  appears  to  have  been 
rst,  in  1803,  to  observe  that  a  body  could  be  gilded  by  means  of  the 
ry  and  an  alkaline  solution  of  gold  ;  but  De  la  Rive  was  the  first  who 
'  used  the  battery  in  gilding.  The  methods  both  of  gilding  and  silver- 
we  their  present  high  state  of  perfection  principally  to  the  improve* 
s  of  Elkington,  Ruolz,  and  others. 

tie  pieces  to  be  gilt  have  to  undergo  three  processes  before  gilding. 
lie  first  consists  in  heating  them  so  as  to  remove  the  fatty  matter  which 
dhered  to  them  in  previous  processes. 

I  the  objects  to  be  gilt  are  usually  of  what  is  called  gilding  metal  or  red 
,  which  is  a  special  kind  of  brass  rich  in  copper,  and  their  surface 
g  the  operation  of  heating  becomes  covered  with  a  layer  of  cupric 
prous  oxide,  this  is  removed  by  the  second  operation.  For  this  purpose 
bjects,  while  still  hot,  are  immersed  in  very  dilute  nitric  acid,  where 
remain  until  the  oxide  is  removed.  I'hey  are  then  rubbed  with  a  hard  * 
,  washed  in  distilled  water,  and  dried  in  gently  heated  sawdust. 
d  remove  all  spots  they  must  undergo  the  third  process,  which  consists 
)idly  immersing  them  in  ordinary  nitric  acid,  and  then  in  a  mixture  of 
acid,  bay  salt,  and  soot. 

lien  thus  prepared  the  objects  are  attached  to  the  negative  pole  of  a 
ry,  consisting  of  three  or  four  Bunsen's  or  DanielPs  elements.  They  are 
immersed  in  a  bath  of  gold,  as  previously  described.  They  remain  in 
Uh  for  a  time  which  depends  on  the  thickness  of  the  desired  deposit. 
;  is  a  great  difference  in  the  composition  of  the  baths.  That  most  in 
onsists  of  I  part  of  gold  chloride,  and  10  parts  of  potassium  cyanide, 
ved  in  200  parts  of  water.  In  order  to  keep  the  bath  in  a  state  of  con- 
ition,  a  piece  of  gold  is  suspended  from  the  positive  electrode,  which 
ves  in  proportion  as  the  gold  dissolved  in  the  bath  is  deposited  on  the 
:s  attached  to  the  negative  pole. 

le  method  which  has  just  been  described  can  also  be  used  for  silver, 
e,  German  silver,  etc.  But  other  metals,  such  as  iron,  steel,  zinc,  tin, 
sad,  are  very  difficult  to  gild  well.  To  obtain  a  good  coating,  they  must 
yt  covered  with  a  layer  of  copper,  by  means  of  the  battery  and  a  bath 
3per  sulphate  ;  the  copper  with  which  they  are  coated  is  then  gilded, 
the  previous  case. 

6.  aieotrosllveriiiff. — What  has  been  said  about  gilding  applies  exactly 
process  of  electrosilvering.  The  difference  is  in  the  composition  of  the 
which  consists  of  two  parts  of  silver  cyanide,  and  two  parts  of  potas- 
cyanide,  dissolved  in  250  parts  of  water.  To  the  positive  electrode  is 
nded  a  plate  of  silver,  which  prevents  the  bath  from  becoming  poorer ; 
ieces  to  be  silvered,  which  must  be  well  cleaned,  are  attached  to  0\^ 
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negative  pole.    It  may  here  be  observed  that  these  processes  succeed  best 
with  hot  solutions. 

857.  aie«trio  deposltioB  of  Iron  and  nlokeU — One  of  the  most  valuable 
applications  of  the  electric  deposition  of  metals  is  to  what  is  called  the 
steeling  {acierage)  of  engraved  copper  plates.    The  bath  required  for  this 
purpose  is  obtained  by  suspending  a  large  sheet  of  iron,  connected  with  the 
positive  pole  of  a  battery,  in  a  trough  filled  with  a  saturated  solution  of  sal- 
ammoniac  ;  whilst  a  thin  strip  of  iron,  also  immersed,  is  connected  with  the 
negative  pole.    By  this  means  iron  from  the  large  plate  is  dissolved  in  the 
sal-ammoniac,  while  hydrogen  is  given  off  on  the  surface  of  the  small  one. 
When  the  bath  has  thus  taken  up  a  sufficient  quantity  of  iron,  an  engraved 
copper  plate  is  substituted  for  the  small  neg^ative  strip.    A  bright  deposit  of 
iron  begins  to  form  on  it  at  once,  and  the  plate  assumes  the  colour  of  a 
polished  steel  plate.    The  deposit  thus  obtained  in  the  course  of  half  an  hour 
is  exceedingly  thin,  and  an  impression  of  the  plate  thus  covered  does  not 
seem  different  from  an  uncovered  plate ;  it  possesses,  however,  an  extra- 
ordinary degree  of  hardness,  so  that  a  very  large  number  of  impressions  can 
be  taken  from  such  a  plate  before  the  thin  coating  of  iron  is  worn  off.    When, 
however,  this  is  the  case,  the  film  of  iron  is  dissolved  off  by  dilute  nitric  acid 
and  the  plate  is  again  covered  with  the  deposit  of  iron. 

An  indefinite  number  of  perfect  impressions  may,  by  this  means,  be 
obtained  from  one  copper  plate,  without  altering  the  original  sharp  condition 
of  the  engraving. 

The  covering  of  metals  by  a  deposit  of  nickel  has  of  late  come  into  use 
The  process  is  essentially  the  same  as  that  just  described.  The  bath  used 
for  the  purpose  can,  however,  be  made  more  directly  by  mixing,  in  suitable 
proportions,  salts  of  nickel  with  those  of  ammonia.  The  positive  pole  con- 
sists of  a  plate  of  pure  nickel.  A  special  difficulty  is  met  with  in  the  electric 
deposition  of  nickel,  owing  to  the  tendency  of  this  metal  to  deposit  in  an  un- 
even manner,  and  then  to  become  detached.  This  is  got  over  by  frequently 
removing  the  articles  from  the  bath,  and  submitting  them  to  a  polishing 
process. 

Objects  coated  with  nickel  show  a  highly  polished  surface  of  the  charac- 
teristic bright  colour  of  this  metal.  The  coating  is  moreover  very  hard  and 
durable,  and  is  not  aflfected  either  by  the  atmosphere  or  even  by  sulphuretted 
hydrogen. 


Electrodynamics. 


CHAPTER   rV. 


SjS.  BieotradjnuDleB. — By  the  term  electrodynamics  is  understood  the 
s  of  electricity  in  a  state  of  motion,  or  the  action  of  elearic  currents  upon 
h  other  and  upon  magnets,  while  electrostatics  deals  with  the  laws  of 
jtricity  in  a  state  of  rest. 

The  action  of  one  electrical  current  upon  another  was  firsl  investigated 
Amptre,  shortly  .ifler  the  discovery  of  Oersted's  celebrated  fundamental 


■erinient  (Bio).    Al!  the  pher 
n  two  simple  laws,  which  are— 

I.  Two  currents  ■which  are  par 
ther. 

I I.  Two  currents  parallel,  but  in  contrary  dirictions,  repel  oi 
In  order  to  demonstrate  these  laws,  the  circuit  which  the  i 
si  consist  of  two  parts,  one  fixed  and  the  other  movable,    'V\\\^'\^  t^ewa.^ 
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Fig.  741. 


by  the  apparatus  (fig.  739),  which  is  a  modified  and  improved  form  of  one 
originally  devised  by  Ampere. 

It  consists  of  two  brass  columns,  A  and  D,  between  which  is  a  shorter 
one.  The  column  D  is  provided  with  a  multiplier  (821)  of  20  turns,  MN  (fig. 
740),  which  greatly  increases  the  sensitiveness  of  the  instrument.  This  caD 
be  adjusted  at  any  height,  and  in  any  position,  by  means  of  a  universal  screw 
clamp  (see  figs.  740,  742-745). 

The  short  column  is  hollow,  and  in  its  interior  slides  a  brass  tube  ter- 
minating in  a  mercury  cup,  r,  which  can  be  raised  or  lowered.    On  the 

column  A  is  another  mercury  cup  represented  in 
section  at  fig.  741  in  its  natural  size.  In  the 
bottom  is  a  capillary  aperture  through  which  passes 
the  point  of  a  sewing  needle  fixed  to  a  small  copper 
ball.  This  point  extends  as  far  as  the  mercury, 
and  turns  freely  in  the  hole.  The  movable  part 
of  the  circuit  consists  of  a  copper  wire  proceeding 
from  a  small  ball,  and  turning  in  the  direction  of 
the  arrows  from  the  cup  a  to  the  cup  c.  The  two  lower  branches  arc  fixed 
to  a  thin  strip  of  wood,  and  the  whole  system  is  balanced  by  two  copper 
balls,  suspended  to  the  ends. 

The  details  being  known,  the  current  of  a  Bunsen's  battery  of  4  or  5  cells 
ascending  by  the  column  A  (fig.  740)  to  the  cup  «,  traverses  the  circuit  BC, 

reaches  the  cup  c^  descends 
the  central  column,  and 
thence  passed  by  a  wire,  P, 
to  the  multiplier  MN,  from 
whence  it  returns  to  the  bat- 
tery by  the  wire  Q.  Now  if, 
before  the  current  passes, 
the  movable  circuit  has 
been  arranged  in  the  plane 
of  the  multiplier,  with  the 
sides  B  and  M  opposite 
each  other,  when  the  cur- 
rent passes,  the  side  B  is  re- 
pelled, which  demonstrates 
the  second  law ;  for  in  the 
branches  B  and  M  the  cur- 
rents,  as   indicated  by  the 


Fig.  74: 


arrows,  are  proceeding  in  opposite  directions. 

To  demonstrate  the  first  law  the  experiment  is  arranged  as  in  figure  742 
— that  is,  the  multiplier  is  reversed  ;  the  current  is  then  in  the  same  direc- 
tion both  in  the  multiplier  and  in  the  movable  part ;  and  when  the  latter  is 
removed  out  of  the  plane  of  the  multiplier,  so  long  as  the  current  passes  »t 
tends  to  return  to  it,  proving  that  there  is  attraction  between  the  two  parts. 

859.  Rogers  ▼ibratlnff  spiral. — The  attraction  of  parallel  currents  may 
also  be  shown  by  an  experiment  known  as  that  of  Rogefs  vibrating  sfi^'^' 
A  copper  wire  about  07  mm.  in  diameter  is  coiled  in  a  spiral  of  about  5° 
coWs  of  25  mm.  in  diameter.    At  one  end  it  is  hung  vertically  from  a  binding 
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rrew,  while  the  other  just  dips  in  a  mercury  cup.  On  passing  the  current 
r  a  battery  of  3  to  5  Grove's  cells  through  the  spiral  by  means  of  the  mer- 
iry  cup  and  the  binding  screw,  its  coils  are  traversed  by  parallel  currents  ; 
ley  therefore  attract  one  another,  and  rise,  and  thus  the  contact  with  the 
lercury  is  broken.  The  current  having  thus  ceased,  the  coils  no  longer 
tract  each  other,  they  fall  by  their  own  weight,  contact  with  the  mercury 
re-established,  and  the  series  of  phenomena  are  indefinitely  produced. 
lie  experiment  is  still  more  striking  if  a  magnetised  rod  the  thickness  of 
pencil  is  introduced  into  the  interior.  This  will  be  intelligible  if  we  con- 
ider  the  action  between  the  parallel  Amp^rian  currents  of  the  magnet  and 
f  the  helix. 

860.  &aws  of  anrulMr  ouireDts. — I.  Two  rectilinear  currents^  the  direc- 
'oMs  of  which  form  an  angle  with  each  other ^  attract  one  another  when  both 
pproach^  or  recede 

rowiy  the  apex  of  ^ 

\e  angle, 

II.  They  repel 
ne  another^  if  one 
fproaches  and  the 
(her  recedes  from 
\€  apex  of  the 
n^e. 

These  two  laws 
lay  be  demon- 
rated  by  means 
r  the  apparatus 
bove  described, 
qilacing  the  mov- 
ble  circuit  by  the  ^**-  '^^^' 

ircuit  BC.  If  then  the  multiplier  is  placed  horizontally,  so  that  its  current 
\  in  the  same  direction  as  in  the  movable  current,  if  the  latter  is  removed 
Qd  the  current  passes  so  that  the  direction  is  the  same  as  in  the  movable 
art,  on  removing  the  latter  it  quickly  approaches  the  multiplier,  which 
erifies  the  first  law. 

To  prove  the  second  law,  the  multiplier  is  turned  so  that  the  currents  are 
1  opposite  directions,  and  then  repulsion  ensues  (fig.  743). 

In  a  rectilinear  current  each  element  of  the  current  repels  the  succeeding 
ne^  and  is  itself  repelled.. 

This  is  an  important  consequence  of  Ampere's  law,  and  may  be  experi- 
f^entally  demonstrated  by  the  following  arrangement,  which  was  devised 
»y  Faraday.  A  U-shaped  piece  of  copper  wire,  whose  ends  dip  in  two 
cparate  deep  mercury  cups,  is  suspended  from  one  end  of  a  delicate  balance 
•nd  suitably  equipoised.  When  the  mercury  cups  are  connected  with  the 
'WO  poles  of  a  battery,  the  wire  rises  very  appreciably,  and  sinks  again 
o  its  original  position  when  the  current  ceases  to  pass.  The  current  passes 
'ito  the  mercury  and  into  the  wire ;  but  from  the  construction  of  the  appa- 
atus  the  former  is  fixed,  while  the  latter  is  movable,  and  is  accordingly 
spelled. 

The  repulsion  may  also  be  shown  by  means  of  the  following  e^i^^xvKsfc'^^ 
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A  rod  of  charcoal,  C  (fig.  744),  drawn  out  to  a  fine  point,  is  fixed  horizon- 
tally in  a  support.  In  contact  with  it  is  another  similar  pointed  rod,  C, 
counterpoised  by  the  weight  K  at  the  end  of  a  light  horizontal  rod,  A; 

this  rod  is  suspended  by  a  wire, 

and  is  in  metallic  connection  with 
a  mercury  cup,  M.  If  now  C  and 
C^  be  connected  with  the  poles  F 
and  F^  of  a  battery,  the  movable 
cone  C  IS  repelled  from  C.  As 
the  wire  thereby  experiences  some 
torsion,  a  stable  equilibrium  is  es- 
tablished, and  the  point  Qf  is  kept 
at  a  fixed  distance  from  C.  At 
the  same  time  the  voltaic  arc  (833) 
is  formed  between  C  and  C. 

861.  &«wsofslBnovseiimiiti. 
— The  action  of  a  sinuous  current 
is  equal  to  that  of  a  rectitineor 
current  of  the  same  length  in  pro- 
jection.    This  principle  is  demon- 
strated by  arranging  the  multiplier 
vertically  and    placing   near  it  a 
movable  circuit  of  insulated  wire 
,  half  sinuous   and   half  rectilinear 
^T^  (fig.  745).    It  will  be  seen  that  there 
*     '        is  neither  attraction  nor  repulsion, 
showing    that  the  action   of  the 
sinuous  portion  ntn  is  equalled  by  that  of  the  rectilinear  portion. 

An  application  of  this  principle  will  presently  be  met  with  in  the  appa- 


Fig.  744. 


Fig.  745- 

ratus  called  solenoids  (874),  which  are  formed  of  the  combination  of  asinu^  - 
with  a  rectilinear  current. 


Direction  of  Currents  by  Currents. 


7S9 


DIRECTION  OF  CURRENTS  BY  CURRENTS. 

S2.  Action  of  an  Inllnlto  onrroDt  on  a  ovrrent  perpendlonlar  to  its 
stlon. — From  the  action  exerted  between  two  angular  currents  (860)  the 
n  of  a  fixed  and  infinite  rectilinear  current,  PQ  (fig.  746),  on  a  movable 
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Fig.  747- 


;nt,  KH,  perpendicular  to  its  direction,  can  be  determined.  Let  OK  be 
>erpendicular  common  to  KH  and  PQ,  which  is  null  if  the  two  lines  PQ 
KH  meet.  The  current  PQ  flowing  from  Q  to  P  in  the  direction  of  the 
NTS,  let  us  first  consider  the  case  in  which  the  current  KH  approaches  the 
mt  QP.  From  the  first  law  of  angular  currents  (860)  the  portion  QO  of 
:urrent  PQ  attracts  the  current  KH,  because  they  both  flow  towards  the 
nit  of  the  angle  formed  by  their  directions.  The  portion  PO,  on  the  con- 
\  will  repel  the  current  KH,  for  here  the  two  currents  are  in  opposite 
rtions  at  the  summit  of  the  angle.  If  then  mgr  and  ;;;/  stand  for  the  two 
js,  one  attractive  and  the  other  repulsive,  which  act  on  the  current  KH, 
which  are  necessarily  of  the  same  intensity,  since  they  are  symmetrically 
nged  in  reference  to  the  two  sides  of  the  point  O,  these  two  forces  may 
esolved  into  a  single  force,  mn,  which  tends  to  move  the  current  KH 
ilcl  to  the  current  QP,  but  in  a  contrary  direction. 
V  little  consideration  will  show  that  when  the  current  KH  is  below  the 
ent  PQ,  its  action  will  be  the  opposite  of  what  it  is  when  above. 
)n  considering  the  case  in  which  the  current  KH  moves  away  from  PQ 
747),  it  will  be  readily  seen  from  similar  considerations  that  it  moves 
illel  to  this  current,  but  in  the  same  direction. 
Hence  follows  this  general  principle.    A  finite  movable  current  which 
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Fig.  748.  Fig.  749. 

loaches  a  fixed  infinite  current  is  lUted  on  so  as  to  fnove  in  a  direction 
*liel  and  opposite  to  that  of  the  fixed  current;  if  the  movable  current 


790 


Dynamical  Electricity. 


[882- 


Fig.   75^- 


Fig-  751. 


tends  from  the  fixed  current,  it  is  acted  on  so  as  to  tnove  parcUlel  to  the 
current  and  in  the  satne  direction. 

It  follows  from  this,  that  if  a  vertical  current  is  movable  about  an  axis, 
XY,  parallel  to  its  direction  (figs.  748  and  749),  any  horizontal  current,  PQ, 
will  have  the  effect  of  turning  the  movable  current  about  its  axis,  until  the 
plane  of  the  axis  and  of  the  current  have  become  parallel  to  PQ ;  the  vertical 
current  stopping,  in  reference  to  its  axis,  on  the  side  from  which  the  current 
PQ  comes  (fig.  748),  or  on  the  side  towards  which  it  is  directed  (fig.  749), 
according  as  the  vertical  current  descends  or  ascends — that  is,  according  as  it 
approaches  or  moves  from  the  horizontal  axis. 

It  also  follows  from  this  principle  that  a  system  of  two  vertical  currents 
rotating  about  a  vertical  axis  (figs.  750  and  751)  is  directed  by  a  horizontal 

current,  PQ,  in 
a  plane  parallel 
to  this  current 
when  one  of 
the  vertical  cur- 
rents is  ascend- 
ing and  the  other 
descending  (fig. 
—A  750)  ;  but  that  if 
thev  are  both  as- 
cending  or  both 
descending  (fig.  751),  they  are  not  directed. 

863.  Actton  of  an  iBflnlte  reotlliBear  emrent  on  a  rootanffnlar  or 
oironlar  current. — It  is  easy  to  see  that  a  horizontal  infinite  current  ex- 
ercises the  same  directive  action  on  a  rectangular 
current  movable  about  a  vertical  axis  (fig.  752) 
as  what  has  been  above  stated.  For,  from  the 
direction  of  the  currents  indicated  by  the  arrows, 
the  part  QY  acts  by  attraction  not  only  on  the 
horizontal  portion  YD  {law  of  angular  currents]^ 
but  also  on  the  vertical  portion  AD  {law  of  Per- 
pendicular currents).  The  same  action  e^ndentiy 
takes  place  between  the  part  PY  and  the  parts 
CY  and  BC.  Hence,  the  fixed  current  PQ  tends 
to  direct  t/ie  movable  rectangular  current  ABCD 
into  a  position  parallel  to  PQ,  and  such  that  in 
the  wires  CD  and  PQ  the  direction  of  the  /«'" 
currents  is  the  same. 

This  principle  is  readily  demonstrated  by  placing  the  circuit  ABCD  on 
the  apparatus  with  two  supports  (fig.  752),  so  that  at  first  it  makes  an  angle 
with  the  plane  of  the  supports.  On  passing  the  circuit  below  a  somewhat 
powerful  current  in  the  same  plane  as  the  supports,  the  movable  part  passes 
into  that  plane.  It  is  best  to  use  the  circuit  in  fig.  759,  which  is  astatic, 
while  that  of  tig.  752  is  not. 

What  has  been  said  about  the  rectangular  current  in  fig.  752  applies  also 
to  circular  currents,  and  is  demonstrated  by  the  same  experiments. 


Fig.  752- 
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ROTATION  OF  CURRENTS  BY  CURRENTS 

864  Xotatton  of  a  flntte  Iftorisontal  onrreiit  by  an  Inflnlte  liorisoBtal 
rootlUoear  omreBt. — The  attractions  and   repulsions  which  rectangular 

currents  exert  on  one  another  

may  readily  be  transformed 
into  a  continuous  circular  mo- 
tion. Let  OA  (fig.  753)  be  a 
current  movable  about  the 
point  O  in  a  horizontal  plane, 
and  let  PQ  be  a  fixed  infinite 
current  also  horizontal.  As 
these  two  currents  flow  in  the 
direction  of  the  arrows,  it  fol- 
lows that  in  the  position  OA  the  movable  current  is  attracted  by  the  current 
PQ,  for  they  are  in  the  same  direction.  Having  reached  the  position  OA', 
the  movable  current  is  attracted  by  the  part  NQ  of  the  fixed  current,  and 
repelled  by  the  part  PN.  Similarly,  in  the  position  OA",  it  is  attracted  by 
MQ  and  repelled  by  PM,  and  so  on  ;  from  which  follows  a  continuous  rota- 
tory motion  in  the  direction  AA'A"A'''.  If  the  movable  current,  instead  of 
being  directed  from  O  towards  A,  were  directed  from  A  towards  O,  it  is 
easy  to  see  that  the  rotation  would  take  place  in  the  contrary  direction. 
Hence,  by  the  action  of  a  fixed  infinite  current,  PQ,  the  movable  current 
OA  tends  to  a  continuous  motion  in  a  direction  opposite  to  that  of  the  fixed 
current. 

If,  both  currents  being  horizontal,  the  fixed  current  were  circular  instead 
of  being  rectilinear,  its  e^ect  would  still  be  to  produce  a  continuous  circular 
motion.  For,  let  ABC  (fig.  754)  be  a  fixed  circular  current,  and  mn  a  rec- 
tilinear current  movable  about  the  axis  ;i,  both  currents  being  horizontal. 
These  currents,  flowing  in  the  direction  of  the  arrows,  would  attract  one 
another  in  the  angle  ;iAC,  for  they  both  flow  towards  the  summit  (860).  In 
the  angle  «AB,  on  the  contrary,  they  repel  one  another,  for  one  goes  towards 
the  summit  and  the  other  moves  from  it.  Both  effects  coincide  in  moving 
the  wire  mn  in  the  same  direction  ACB. 

865.  Xotatton  of  a  Tertloal  oarrent  by  a  liorisoBtal  clronlar  onrreDt. 
A  horizontal  circular  current,  acting  on  a  rectilinear  vertical,  also  imparts  to 
it  a  continuous  rotatory  motion.  In  order  to  show  this,  the  apparatus  repre- 
sented in  fig.  755  is  used. 

It  consists  of  a  brass  vessel,  round  which  are  rolled  several  coils  of  in- 
sulated copper  wire,  through  which  a  current  passes.  In  the  centre  of  the 
vessel  is  a  brass  support,  a,  terminated  by  a  small  cup  containing  mercury. 
In  this  dips  a  pivot  supporting  a  copper  wire,  bb^  bent  at  its  ends  in  two  ver- 
tical branches,  which  are  soldered  to  a  very  light  copper  ring  immersed  in 
^'^idulated  water  contained  in  the  vessel.  A  current  entering  through  the 
^'^re  ///,  reaches  the  wire  A,  and  having  made  several  circuits,  terminates 
*^  ^,  which  is  connected  by  a  wire  underneath  with  the  lower  part  of  the 
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column  a.     Ascending  m  this  column,  il  passes  by  the  wires  bb  j 
copper  ring,  into  the  acidulated  water,  and  into  the  sides  of  the  \'essel, 
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Bby  onrrenta.— 

HFaraday  pwvtil 
fthal        curiMii 
impart  the  same 
rotatory      tno- 
1 ,,  ,.,  tions to magtici' 

which  ihey  do 
This  may  be  shown  by  means  of  the  apparatus  represented  in 
a  large  glass  vessel,  almost  filled  with  mercury,  in '''' 
e  of  this  is  immersed  a  magnet,  A,  about  eight  inches  in  length,  nhk'' 
projects  a  little  above  the  surface  of  the  mercury,  and  is  loaded  at  the  bollom 
with  a  platinum  cylinder.  At  the  lop  of  the  magnet  is  a  small  cavity  cW" 
taining  mercury  ;  the  current  ascending  the  column  m  passes  into  this  c*"!'? 
by  the  rod  C.  From  the  magnet  it  passes  by  the  mercury  to  a  copper  ring.''' 
whence  it  emerges  by  the  column  n.  When  this  lakes  place  the  mag*'^ 
begins  to  rotate  round  its  own  axis  with  a  velocity  depending  on  its  mago**'' 
poiver  and  on  the  intensity  of  the  current. 

Instead  of  making  the  magnet  rotate  on  its  axis,  it  may  be  causcA 
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rotate  round  a  line  parallel  to  its  axis  by  arranging  the  experiment  as  shown 
in  fig.  757. 

This  rotatory  motion  is  readily  intelligible  on  Ampere's  theory  of  mag- 
netism (879),  according  to  which,  magnets  are  traversed  on  their  surface  by 
an  infinity  of  circular  currents  in  the  same  direction,  in  planes  perpendicular 
to  the  axis  of  the  magnet.  At  the  moment  at  which  the  current,  passes  from 
the  magnet  into  the  mercury,  it  divides  on  the  surface  of  the  mercury  into 
an  infinity  of  rectilinear  currents  proceeding  from  the  axis  of  the  magnet  to 
the  circumference  of 
the  glass.  Figs.  757 
and  7  58,  which  corre- 
spond respectively  to 
figs.  755  and  7  56,  give 
on  a  larger  scale,  and 
on  a  horizontal  plane 
passing  through  the 
surface  of  the  mer- 
cury, the  direction  of 
the  currents  to  which 
the  rotation  is  due. 
In  fig.  757  the  north 
pole  being  at  the  top,  the  Amp^rian  currents  pass  round  the  magnet  in  the 
reverse  direction  to  that  of  the  hands  of  a  watch,  as  indicated  by  the  arrow 
/  (879),  while  the  currents  which  radiate  from  the  rod  C  towards  the  metal 
ring  GG',  have  the  direction  CD,  CE.  Thus  (860)  any  given  element  e  of 
the  magnetic  current  of  the  bar  A  is  attracted  by  the  current  CE  and  repelled 
by  the  current  CD  ;  hence  results  a  rotation  of  the  bar  about  its  axis  in  the 
same  direction  as  the  hands  of  a  watch. 

In  fig.  758  the  currents  CD,  CE  being  in  the  opposite  direction  to  those 
of  the  bar  would  repel  the  latter,  which  would  be  attracted  by  the  currents 
CE,  CA.  Hence  the  bar  rotates  in  a  circular  direction,  shown  by  the  arrow 
J,  about  the  vertical  axis  which  passes  through  the  rod  C. 

If  the  north  pole  is  below,  or  if  the  direction  of  the  current  be  altered,  the 
rotation  of  the  magnet  is  in  the  opposite  direction. 


Fig.  757. 


Fig.  758. 


ACTION  OF  THE  EARTH  AND  OF  MACNEl'S  ON   CURRENTS. 


867.  Sireotive  aotton  of  marnets  on  currents. — Not  only  do  currents 
act  upon  magnets,  but  magnets  also  act  upon  currents.     In  Oersted's  funda- 
mental experiment  (fig-  699),  the  magnet  being  movable  while  the  current  is 
fixed,  the  former  is  directed  and  sets  at  right  angles  with  the  current     If, 
on  the  contrary,  the  magnet  is  fixed  and  the  current  movable,  the  latter  is 
directed  and  sets  across  the  direction  of  the  magnet.    This  may  be  illus- 
^i^ted  by  the  apparatus  represented  in  fig.  759.    This  is  the  original  form 
of  ^mpir^s  standi  and  is  frequently  used  in  experimental  demonstration, 
^^  i>eeds  no  explanation.   The  circuit  which  the  current  traverses  is  movable, 
below  its  lower  branch  a  powerful  bar  magnet  is  placed  ;  the  circuit 

MM 
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inunediatdy  begins  to  turn,  and  stops  after  some  osciUations  in  a  plan^ 
perpendicular  to  the  axis  of  the  magnet. 

For     demon . 
strati  ng  the  ac- 
tion of  magneu 
upon       currentj, 
and    indeed    for 
establishing    tbe 
fiindamental  lavs 
of    electrody- 
namics, an    ap- 
paratus,    luiown 
as    De  la   Rive's 
floating    batitry, 
is  well  adapted 
It  consists  of  a 
small      Daniell'i 
element,       con- 
tained in  a  glass 
tube  attached  to 
a  cork,  so  that  it 
can  float  freely  on  waier.    The  plaies  are  con- 
nected with  minute  mercury  cups  on  the  cork 
float ;  and  with  these  can  be  connected  eitho' 
circular  or  rectangular  wires,  coils,  or  sole- 
noids ;  they  are  then  traversed  by  a  curreni, 
and  can  be  subjected  to  the  action  either  of 
magnets  or  of  currents. 

S68.  motaUon  of  oarrenta  by  macnott-— 
Not  merely  can  currents  be  directed  by  mag- 
nets, but  they  may  also  be  made  to  rotate;  u 
is  seen  from  (he  following  experiment,  devised 
by  Faraday,  fig.  760.  On  a  base  with  levelling 
screws,  and  resting  on  an  ivory  support,  is » 
copper  rod,  BD.  It  is  surrounded  in  parlof 
its  length  by  a  bundleof  magnetised  wires,  A6, 
and  at  the  top  is  a  mercury  cup.  A  copp* 
circuit,  EF,  balanced  on  a  steel  point,  rests  i" 
the  cup,  and  the  other  ends  of  the  cinnii>i 
which  terminate  in  steel  points,  dip  in  *" 
annular  reservoir  full  of  mercury. 

The    apparatus   being  thus  arranged,  '*•* 

current  from  4   or  5  Bunsen's  elements  ent*^ 

at  the  binding  screw  b  :  it   thence  ascends  ** 

he  rod,  D,  redescends  by  the  two  branch^*- 

reaches  the  mercury  by  the  sleel  points,  wh^*^ 

it  passes  by  the  framework,  which  is  of  copP* 

"■"^ '*"■  to  the  battery  by  the  binding  screw  a.     If  " ^ 

the  mat;netised   bundle  be  raised,  the  circuit  EF  rotates,  either  in      *^ 

direction  or  the  other,  according  lo  ihe  pole  by  which  ii  is  influenced.    "^^ 


ife,' 


is  due  lo  currents  assumed  In  circulate  round  magnets  ;  currents 
t  on  Ihe  vertical  branches  EF  in  the  same  way  as  the  circular 
n  the  branches  M  in  fig.  755. 
In  this  experiment  the  magnetised  bundle  may  be  replaced  by  asolenoid 
'4)  or  by  an  electro  magnet,  in  which  case  the  two  binding  scre^vs  in  the 
se  of  the  apparatus  on  the  left  give  entrance  to  ilie 

e  the  solenoid  or  electromagnet. 
869.  Blectrodraaitao  And  etootrooiKKnetlo  rotatloii  or  llqnlda.— Tlie 
idition  of  a  linear  current  assumed  in  the  previous  experiments  is  not 
:essary.  Fig.  761  represents  an  apparatus  devised  by  Iteitin  lo  show  Ihe 
ctrodynamic  and  electromagnetic  rotation  of  liquids.  This  apparatus 
isists  of  an  annular  earthen  vessel,  VV  ;  that  is  to  say.  it  h  open  in  the 
lire  so  as  to 


Krplane.  In  vin.  ;b., 

I    centre    of 

t  coil  is  a  bar  of  soft  iron,  .r,  which  makes  an  electromagnet. 
The  vessel  VV  contains  acidulated  water,  and  in  the  liquid  a 
lindrical  copper  plates  e  and  1,  soldered  to  copper  wires,  ^'  and  /',  which 
ovey  the  current  of  a  battery  of  four  cells  through  the  rods  E  and  I. 
K  whole  system  is  arranged  on  a  larger  base,  on  the  left  of  which  is  a 
Emulator  represented  afterwards  on  a  larger  scale  (fig.  762).  With  the 
le  of  the  columns  E,  1,  S  and  S',  are  connected  four  copper  strips,  three 
Which  lead  lo  the  commutator  and  the  fourth  to  the  binding  screw  A, 
'ch  receives  the  wire  from  the  positive  pole. 

Tlie  following  three  effects  may  be  obtained  with  this  apparatus  : — (1;,  the 
On  of  the  coi!  (',  alone  ;  (2),  the  action  of  [he  electromagnet  H  alone  ; 
(lie  simultaneous  action  of  Ihe  coil  and  of  the  electromagnet. 
^-  ^'S-  76'  represents  the  apparatus  arranged  for  the  first  effect.  The 
^nii  coming  by  the  binding  screw  A  attains  the  column  S',  which  leads  it 
*«  coil  n,  with  regard  lo  which  it  is  /<^/— thai  is,  in  a  contrary  direction 
>«  hands  of  a  watch.     Then  descending  by  Ihe  column  S,  it  reaches  the 
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commutator,  which  leads  it  by  the  plate  marked  centripete  to  the  colamn  "^ 
and  to  the  electrode  e'.    The  current  here  traverses  the  liquid  from  the  cir- 
cumference to  the  centre,  attains  the  electrode  /,  the  column  I,  and  by  the 
intervention  of  the  plate  centrifuge  the  central  piece  of  the  commutator.  This 
transmits  it  finally  to  the  negative  binding  screw,  which  leads  it  to  the 
battery.     The  liquid  then  commences  a  direct  rotatory  motion— that  is  to 
say,  in  the  same  direction  as  the  coil.     If  the  direction  of  the  current  in  the 
liquid  is  centrifugal — that  is,  proceeds  from  the  centre  to  the  circumference— 
the  rotation  is  inverse ;  that  is,  is  in  the  opposite  direction  to  that  of  the  coil. 
In  both  cases  the  rotations  may  be  shown  to  those  at  a  distance  by  means 
of  small  flags, y;y,  fixed  on  discs  of  cork  which  float  on  the  liquid,  and 
which  are  coated  with  lampblack  to  prevent  adherence  by  capillary  attrac- 
tion between  the  discs  and  the  electrodes  e  and  /. 

II.  To  experiment  with  the  electromagnet  alone,  the  positive  wire  of  the 
battery  is  joined  with  the  binding  screw  C,  and  the  binding  screws  D  and  B 
are  joined  by  a  copper  wire.  The  current  first  passes  into  the  electromagnet 
H,  then,  reaching  the  commutator  by  the  binding  screw  B,  passes  into  the 
centripetal  plate,  whence  it  rises  in  the  column  £,  traverses  the  liquid  in 
the  same  direction  as  at  first,  reascends  by  the  column  I,  and  from  thence 
to  the  centre  of  the  commutator  and  the  negative  binding  screw  which  leads 
it  to  the  battery.  If  the  north  pole  of  the  electromagnet  is  at  the  same  height 
as  the  glass  vessel,  as  in  the  figure,  the  Amp^rian  currents  move  in  the 
opposite  direction  to  the  hands  of  a  watch,  and  the  floats  then  move  in  the 
same  direction  as  above  ;  and  if  the  electromagnet  is  raised  until  the  neutral 
line  is  at  the  same  height  as  the  vessel,  the  floats  stop ;  if  it  is  above  them, 
the  floats  move  again,  but  in  the  opposite  direction. 

III.  To  cause  the  coil  and  the  electromagnet  to  act  simultaneously,  the 
positive  wire  of  the  battery  is  attached  at  C,  and  the  binding  screws  D  and 
A  are  connected  by  a  conductor.  Hence,  after  having  traversed  the  coil  H, 
the  current  arrives  from  D,  and  the  binding  screw  A,  whence  it  traverses 
exactly  the  same  circuit  as  in  the  first  experiments.  The  effects  are  the 
same,  though  more  intense ;  the  action  of  the  coil  and  the  electromagnet 
being  in  the  same  direction. 

A  simpler  form  of  this  experiment  was  devised  by  Clerk  Maxwell  At 
the  bottom  of  a  small  beaker,  a  copper  disc  is  placed  with  an  insulated 
tongue  bent  at  right  angles,  and  connected  with  a  similar  zinc  disc  sup- 
ported about  an  inch  above  the  copper.  Dilute  acid  is  placed  so  as  to 
cover  both  discs,  and  some  fine  sawdust  having  been  added  to  the  liquid  the 
whole  is  placed  on  the  pole  of  an  electromagnet.  The  rotation  of  the 
liquid  is  then  shown  by  that  of  the  sawdust. 

870.  Bertlii*s  oommntator. — Commutators  are  apparatus  by  which  the 
direction  of  currents  may  be  changed  at  pleasure,  or  by  which  they  may  be 
opened  or  closed.  Bertin's  has  the  advantage  of  at  once  showing  the  direc- 
tion of  the  current.  It  consists  of  a  small  base  of  hard  wood  on  which  is 
an  ebonite  plate,  which,  by  means  of  the  handle  m  (fig.  762),  is  turned 
about  a  central  axis,  between  two  stops,  c  and  c\  On  the  disc  are  fixed  two 
copper  plates,  one  of  which,  o^  is  always  positive,  being  connected  by  the 
axis  and  by  a  plate,  + ,  with  the  binding  screw  P,  which  receives  the  positive 
electrode  of  the  battery ;  the  other,  /  ^,  bent  in  the  form  of  a  horsc-shoc, 
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is  connected  by  friclion  below  ihc  disc  with  a  plate— which  passes  to  the 
negative  electrode  N.  On  the  opposite  side  of  the  hoard  are  two  binding 
screws,  b  and  b',  to  which  are  adapted  two  clastic  metal  plates,  r  and  r". 

These  details  being 
premised,  Ihe  disc  being 
turned  as  shown  in  the 
figure,  the  current  coming 
by  the  binding  screw  I' 
passes  into  the  piece  o, 
the  plate  rand  the  bind- 
ing screw  ti,  which  by  a 
■ecgnd  plate,  or  by  a  cop- 
per wire,  leads  it  to  the 
apparatus  shou-n  in  fig. 
jffii,  or  any  other.  Then 
teiuraing  to  the  binding 
screw  b-,  the  current  attain: 
Unding  screw  N,  which  reli 

If  the  disc  is  turned  so 
pieces  o  and  ie  being  no 
current  does  not  pass.     If 


I 


5  the  plate  r',  the  piece  /V,  and  ultimately  the 
jrns  it  to  the  battery. 

that  the  handle  is  halfivay  between  c  and  c",  the 
longer  in  contact  with  the  plates  r  and  r',  the 
M  is  turned  as  far  as  £,  the  plate  o  touches  r' ; 


the  cmrent  thus  passes  first  to  b'  nnd  returns  by  6 ;  it  is  therefore  reversed, 
871.  Blreotlve  kdHqd  of  the  »rtb  on  Tsrtloal  ottrrenta. — The  earth, 
iprhicfa  exercises  a  directive  aciion  on  magnets  (690),  acts  also  upon  c 


The  first  of  these  two 
current  movable  about  ai 
JSiY  action  of  the  earth 
9tiagiirtic  meridian,  and  stops  after  so. 
Mtf  rotation  when  it  is  descending,  and 


may  be  thus  enunciated  ;  Every  verticai 

parallel  to  itself ,  plaits  itself  under  the  direc- 

plane  through  this  axis  perpendicular  to  the 

oscillations,  on  Ihe  east  of  its  axis 

the  west  when  it  it  ascending. 


This  may  be  demonstrated  by  means  of  the  apparatus  represented  in 
fig.  764,  which  consists  of  two  brass  vessels  of  somewhat  diffeneM.  i!\MftWCT«.- 
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The  larger,  a,  about  13  inches  in  diameter,  has  an  aperture  in  the  centra 

through  which  passes  a  brass  support,  b,  insulated  from  the  vessel  a,  bi 

communicating  with  the  vessel  K.  This  column  terminates  in  a  small  cu—~ 
in  which  a  light  wooden  rod  rests  on  a  pivot  At  one  end  of  this  rod  a  fic~: 
wire  is  coiled,  each  end  of  which  dips  in  acidulated  water,  with  which  l^- 
two  vessels  are  respectively  filled. 

The  current  arriving  by  the  wire  m  passes  to  a  strip  of  copper,  which  | 
connected  underneath  the  base  of  the  apparatus  with  the  bottom  of  fhe 
column  b.  Ascending  in  this  column,  the  current  reaches  the  vessel  K,  anrf 
the  acidulated  water  which  it  contains  ;  it  ascends  from  thence  in  the  wire 
c,  redescends  by  the  wire  e,  and  traversing  the  acidulated  water,  it  reaches 
the  sides  of  the  vessel  a,  and  so  back  to  the  battery  through  the  wire  n. 

The  current  being  thus  closed,  the  wire  e  moves  round  the  column  b,  and 
stops  to  the  east  of  it,  when  it  descends,  as  is  the  case  in  the  figure ;  but  'a 
it  ascends,  which  is  effected 
by  transmitting  the  cnntnt 
by  the  wire  «,  the  wire  « 
stops  to    the  west   of  tbe 
coltmin    b,   in    a     position 
directly    opposite    to    that 
which  it  assumes  when  it  is 
descending. 
'         If  the  rod  with  a  single 
ire,  in  fig.  764,  be  replaced 
"^-  ""■  by  one  with  two  wires,  is  in 

fig.  765,  the  rod  will  not  move,  for  as  each  wire  tends  to  place  itself  on  the 
east  of  the  column  A,  two  equal  and  contrary  effects  are  produced,  which 
counterbalance  one  another. 

I  on  boHaontal  Mtrreau  moTkble  alMOt  ■ 
■f  the  earth  on  horizontal  currents  is  not  direc- 
tive,  but   gives   tketn   a   continuous  rotaicfy 
€■■    -  I  ^  motion  from  the  east  to  tke-west,when  ththm- 

I  ^^-^"^  30ntal  current  moves  avjay  from   the  alis  <^ 

/'^     r    ^,        rotation,  and  from  the  west  to  the  cast  whtn  U 
,    is  directed  towards  this  axis. 

This  may  be  illustrated  by  means  of  ihe 
apparatus  represented  in  fig.  765,  which  only 
differs  from  that  of  fig.  764  in  having  but  oM 
vessel.  The  current  ascending  by  the  column 
II,  traverses  the  two  wires  cc,  and  descends  by 
the  wires  bb,  from  which  it  regains  the  pile; 
the  circuit  bccb  then  begins  a  continuous  roia- 
1  ion  either  from  the  east  to  the  wesl,  or  from 
'"^' '"'  Ihe  west  to  the  east,  according  as  in  the  »"ifes 

,-c  Ihe  currem  -ots  from  the  centre,  as  is  the  case  in  the  figure,  or  according 
as  it  goes  towards  it,  which  is  the  case  when  the  current  enters  bythewif*" 
instead  of  by  ii.  Hut  we  have  seen  (871)  that  the  action  of  Ihe  earth  on  the 
vertical  wires  bb  is  destroyed  :  hence  the  rotation  is  that  produced  by  the 
action  on  the  hotiiontal  branches  cc.     This  rotatory  action  of  the  lerresirial 


1  horiionial  currcnis   is  a  consequence  of  the  t 
horiiontal  by  an  infinite  liorizonlal  current  (864). 

873.  Dlr««tlve  notion  oftlie  enrtb  oncloaed  oarrents  morftMa  Bboilt 
•  verttoBi  *n»,~l(  ihe  current  on  which  ihe  earth  acts  is  closed,  whether 
it  be  rectangular  or  circular,  Ihe  result  is  not  a  continuous  rotation,  but  a 
directive  action,  as  in  the  case  of  vertical  currents  (871),  in  virtue  of  which 

<i  places  itself  in  a  plane  perpendicular  to  tk£  magnetic  meridian, 
0  that,  for  an  nbsetver  looking  at  the  north,  it  is  descending  on  the  eait  of 
't  of  relation,  and  ascending  01 
This  property,  which  can  be  shown  by  means  of  the  apparalus  repre 
sented  in  fig.  766,  is  a  consequence  of  what  has  been  said  about  horizonlal 
and  vertical  currents.  For  io  the  closed  circuit  BA,  the  current  in  the 
upper  and  lower  parts  lends  to  turn  in  opposite  directions,  from  the  law  of 
horizontal  currents  (862)  ;  and  hence  is  in  equilibrium,  while  in  the  lateral 
parts  the  current  on  the  one  side  tends  towards  the  east,  and  on  (he  other 
side  to  the  west,  from  the  law  of  vertical  currents. 

From  the  directive  action  of  the  earth  on  currents,  it  is  necessary,  in  mOB 
experiments,  to  obviate  this  action.     This  is  effected  by  arranging  the 

movable  circuit   symmetrically   about  its  . 

axis  of  rotation,  so  that  the  directive  action  /TiCyyTnnOOnnOn. 

of  the  earth  tends  to  turn  them  in  opposite      c-  Q  00  000  000000'"' 
directions,  and  hence  destroys  them.  This  ^'B'  '*'■ 

condition  is  fulfilled  in  the  circuit  in  fig.  759.     Such  circuits  are  hence  called 
astatic  circuits. 

874.  ■troctiU'e  of  »  aoIfiDolil.  —  A   solenoid  is  a   system  of  equal  and 
parallel  circular  currents  formed  of  the  same  piece  of  covered  copper  wire 
and  coiled  in  the  form  of  a  helbe  or  spiral,  as  represented  in  fig.  767.   A  sole- 
noid, however,  is  only  com- 
plete when  part  of  the  wire 
BC  passes  in  the  direction  of 
the  axis  in  the  interior  of  the 
helix.      With  this  arrange- 
ment,  when    the    circuit    is 
traversed    by  a    current,  it 
follows  from  what  has  been 
said  about  sinuous  currents 
(861)  that  the  action  of  a 
solenoid    in   a    longitudinal 
direction,    AB,    is    counter- 
balanced by  that  of  the  rec- 
tilinear  current   BC.      This 
action  is  accordingly  null  in 
the  direction  of  the  length, 
ptndicular  tc 
currents. 

875.  AotauB  at  unrrent*  on  Bolenolda. — What  has  been  said  of  the 
action  of  fixed  rectilinear  currents  on  finite  rectangular,  or  circular  currents 
(864),  applies  evidently  to  each  of  the  circuits  of  a  solenoid,  and  hence  a 

must  tend  Io  direct  these  circuits  parallel  to  itself.    Ta 


ind  the  action  oj  a  solenoid  in  a  direction  per- 
>  (.vactly  equivalent  to  that  of  a  series  of  equal  parallel 


I 
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demonstrate  this  fact  experimentally,  a  solenoid  is  constructed  as  shown  in 
fig.  768,  so  that  it  can  be  suspended  by  two  pivots  in  the  cups  a  and  r  of  the 
apparatus  represented  in  fig.  768.  The  solenoid  is  then  movable  about  a 
vertical  axis,  and  if  a  rectilinear  current  QP  be  passed  beneath  it,  which  at 
the  same  time  traverses  the  wires  of  the  solenoid,  the  latter  is  seen  to  turn 
and  set  at  right  angles  to  the  lower  current — ^that  is,  in  such  a  position  that 
its  circuits  are  parallel  to  the  fixed  current ;  and,  further,  the  current  in  the 
lower  part  of  each  of  the  circuits  is  in  the  same  direction  as  in  the  recti- 
linear wire. 

If,  instead  of  passing  a  rectilinear  current  below  the  solenoid,  it  is  passed 
vertically  on  the  side,  an  attraction  or  repulsion  will  take  place,  according 
as  the  two  currents  in  the  vertical  wire,  and  in  the  nearest  part  of  the 
solenoid,  are  in  the  same  or  in  contrary  directions. 

876.  SIreettTe  aotfon  of  the  eartli  on  solenoids. — If  a  solenoid  be 
suspended  in  the  two  cups  (fig.  769),  not  in  the  direction  of  the  magnetic 
meridian,  and  a  current  be  passed  through  the  solenoid,  the  latter  will 
begin  to  move,  and  will  finally  set  in  such  a  position  that  its  axis  is  in  the 
direction  of  the  magnetic  meridian.  If  the  solenoid  be  removed,  it  will, 
after  a  few  oscillations,  return,  so  that  its  axis  is  in  the  magnetic  meridian. 
Further,  it  will  be  found  that  in  the  lower  half  of  the  coils  of  which  the 
solenoid  consists,  the  direction  of  the  current  is  from  east  to  west ;  in  other 
words,  the  current  is  desceftding  on  that  side  of  the  coil  turned  towards  the 
east  and  ascending  on  the  west.  The  directive  action  of  the  earth  on 
solenoids  is  accordingly  a  consequence  of  that  which  it  exerts  on  circular 
currents.  In  this  experiment  the  solenoid  is  directed  like  a  magnetic  needle, 
and  the  north  pole^  as  in  magnets,  is  that  end  which  points  towards  the 
north,  and  the  south  pole  that  which  points  towards  the  south.  This  experi- 
ment may  be  made  by  means  of  a  solenoid  fitted  on  a  De  la  Rive*s  floating 
battery  (867). 


Fig.  769. 

%TJ.  Mataal  action  of  magnets  and  solenoids. — Exactly  the  sa^^ 
phenomena  of  attraction  and  repulsion  exist  between  solenoids  and  magi»^^ 
as  between  magnets  themselves.  For  if  one  of  the  poles  of  a  magnet  be  p^^' 
sented  to  a  movable  solenoid,  traversed  by  a  current,  attraction  or  repulsi 
u  iJJ  take  place,  according  as  the  poles  of  the  magnet  and  of  the  solenoid 
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tit  contnuy  or  of  the  same  name.  The  same  phenomenon  takes  place 
when  a  solenoid  traversed  by  a  current  and  held  in  the  hand  is  presented  to 
a  movable  magnetic  needle.  Hence  the  law  of  attractions  and  repubions 
applies  exactly  to  the  case  of  the  mutual  action  of  solenoids  and  of  magnets. 

878.  IKBtaal  action  of  BoleBold*. — When  two  solenoids  traversed  by  a 
powerful  current  are  allowed  to  act  on  each  other,  one  of  them  being  held 
in  the  band,  and  the  other  being  movable  about  a  vertical  axis,  as  shown 
in  fig.  769,  attraction  and  repulsion  will  take  place  just  as  in  the  case  of  two 
magnets.  Tliese  phenomena  are  readily  explained  by  reference  to  what  has 
been  said  about  the  mutual  action  of  the  currents,  bearing  in  mind  the  direc- 
tion of  the  currents  in  the  extremities  presented  to  each  other. 

879.  AmpAra'B  tbeoir  of  mngnettun.— Ampere  propounded  a  theory, 
based  on  the  analogy  between  solenoids  and  magnets,  by  which  all  magnetic 
phenomena  may  be  referred  to  elect rodynamical  principles. 

Instead  of  attributing  magnetic  phenomena  to  the  existence  of  two  fluids. 
Ampere  assumed  that  each  individual  molecule  of  a  magnetic  substance  is 
traversed  by  a  closed  electric  current,  and  further'  that  these  molecular  cur- 
rents are  free  to  move  about  their  centres.  The  coercive  force,  however, 
which  is  little  or  nothing  in  soft  iron,  but  considerable  in  sieel,  opposes  this 
motion,  and  tends  to  keep  them  in  any  position  in  which  ihey  happen  to  be. 
When  the  magnetic  substance  is  not  magnetised,  these  molecular  currents, 
uider  the  influence  of  their  mutual  attractions,  occupy  such  positions  that 
their  total  action  on  any  external  substance  is  null.  Magnetisation  consists 
in  giving  to  these  molecular  currents  a  parallel  direction,  and  the  stronger 
the  magnetising  force  the  more  perfect  the  parallelism.  The  limit  of  mag- 
nttisaiion  is  attained  when  the  currents  are  completely  parallel. 

The  resultant  of  the  actions  of  all  the  molecular  currents  is  equivalent  to 


that  of  a  single  current  which  traverses  the  outside  of  a  magnet.    For  by 

inspection  of  fig.  770,  in  which 

the  molecular  currents  are  re-  i''^^~  '^^ 

presented  by  a  series  of  small 

iDiernal  circles  in  the  two  ends 

of  a  cylindrical  bar,  it   will  be 

seen  that  the  adjacent  parts  of 

the  currents  oppose  one  another 

and  cannot  exercise  any  external 

elect rodyn ami c  action.    This  is 

not  the  case  with  the   surface ; 

there  the  molecular  currents  at 

di  are  not  neutralised  by  other 

aurents,  and  as  the  points  abc 

»re  infinitely  near,   they  form  i 

situated  in  planes  perpendicular 

tDte  a  true  solenoid. 

The  direction  of  these  currents  in  magnets  can  be  ascertained  by  con- 
ridering  the  suspended  solenoid  (fig.  768).  If  we  supposed  it  traversed  by  a 
-Uirent,  and  in  equilibrium  in  the  magnetic  meridian,  it  will  set  in  such  a 
•Osition  that  in  the  lower  h.ilf  of  each  coil  the  current  flows  from  east  to 
^^■jC,    We  have  then  the  following  rule.    At  the  north  pole  of  magnet,  tlw 


I  scries  of  elements  in  the  same  direction 
to  the  axis  of  the  magnet,  and  which  consti- 
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direction  of  the  Amfiirian  currents  is  opposite  to  that  of  the  hands  ofawatch^ 
and  at  the  south  pole  the  direction  is  the  same  as  that  of  the  hands, 

S8o.  Terrestrial  evrreat. — In  order  to  explain  terrestrial  magnetic 
eflfects  on  this  supposition,  the  existence  of  electrical  currents  is  assumed, 
which  continually  circulate  round  our  globe  from  east  to  west  perpendicular 
to  the  magnetic  meridian.  The  resultant  of  their  action  is  a  single  current 
traversing  the  magnetic  equator  from  east  to  west  They  are  supposed  by 
some  to  be  thermoelectric  currents  due  to  the  variations  of  temperature 
caused  by  the  successive  influence  of  the  sun  on  the  different  parts  of  the 
globe  frx)m  east  to  west. 

These  currents  direct  magnetic  needles ;  for  a  suspended  magnetic 
needle  comes  to  rest  when  the  molecular  currents  on  its  under  surface  are 
parallel  and  in  the  same  direction  as  the  terrestrial  currents.  As  the 
molecular  currents  are  at  right  angles  to  the  direction  of  its  length,  the 
needle  places  its  greatest  length  at  right  angles  to  east  and  west,  or  north 
and  south.  Natural  magnetisation  is  probably  imparted  in  the  same  way  to 
iron  minerals. 

88 1.  Hairs  experiment. — In  the  action  of  magnets  on  currents  which 
have  been  described  in  the  foregoing  sections,  we  have  been  concerned 
with  the  action  of  the  magnet  on  the  body  conveying  the  current. 

Professor  Hall  of  Baltimore  has  made  the  following  experiment  to 
determine  whether  the  path  of  a  current  in  the  body  of  a  conductor  is  or  is 
not  deflected  when  it  is  exposed  to  the  direct  action  of  a  magnetic  field. 
A  strip  of  gold  leaf,  9  centimetres  in  length  by  2  centimetres  broad,  was 
fastened  on  a  glass  plate,  which  was  placed  between  the  poles  of  an  electro- 
magnet in  such  a  manner  that  the  plane  of  the  strip  was  at  right  angles  to 
the  lines  of  force  of  the  magnetic  field.  The  ends  of  this  strip  were  in 
connection  with  the  poles  of  a  Bunsen's  cell.  Two  wires  leading  to  a 
Thomson's  galvanometer  were  connected  with  two  equipotential  points  at 
the  opposite  edges  of  the  strip  ;  that  is  to  say,  in  two  points,  found  by  trial, 
in  which  there  was  no  deflection  of  the  galvanometer  (738).  When  now  the 
electromagnet  was  excited  by  passing  a  current  through  it,  a  distinct  deflec- 
tion was  produced  in  the  galvanometer,  showing  that  the  path  of  the  current 
in  the  conducting  strip  had  been  deflected.  This  deflection  was  permanent, 
and  could  not  therefore  be  due  to  induction,  and  its  direction  was  reversed 
when  the  current  in  the  magnet  was  reversed. 

The  magnetic  field  acts  thus  upon  the  current  in  the  gold  leaf  in  such 
a  manner  as  to  displace  it  from  one  edge  towards  the  other,  and  to  cause  a 
small  portion  to  pass  through  the  circuit  of  the  galvanometer. 

This  experiment  has  greatly  interested  physicists  from  its  theoretical 
bearings,  as  leading  to  a  method  of  determining  the  velocity  of  electricity  m 
absolute  measure. 
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CHAPTER  V. 

MAGNETISATION   BY  CURRENTS.      ELECTROMAGNETS. 

ELECTRIC  TELEGRAPHS. 

882.  Mafiietlaation  by  ourrents. — From  the  influence  which  currents 
exert  upon  magnets,  turning  the  north  pole  to  the  left  and  the  south  pole  to 
the  right,  it  is  natural  to  think  that  by  acting  upon  magnetic  substances  in 
the  natural  state  the  currents  would  tend  to  separate  the  two  magnetisms. 
In  fact,  when  a  wire  traversed  by  a  current  is  immersed  in  iron  filings,  they 
adhere  to  it  in  large  quantities,  but  become  detached  as  soon  as  the  current 
ceases,  while  there  is  no  action  on  any  other  non-magnetic  metal. 

The  action  of  currents  on  magnetic  substances  is  well  seen  by  coiling  an 
insulated  copper  wire  round  a  glass  tube,  in  which  there  is  an  unmagnetised 
steel  bar.  If  a  current  be  passed  through  the  wire,  even  for  a  short  time, 
the  bar  becomes  strongly  magnetised. 

If,  as  wc  have  already  seen  (791),  the  discharge  of  a  Leyden  jar  be  trans- 
mitted through  the  wire,  by  connecting  one  end  with  the  outer  coating,  and 


Fig.  771. 

the  other  with  the  inner  coating,  the  bar  is  also  magnetised.     Hence  both 
Voltaic  and  frictional  electricity  can  be  used  for  magnetising. 

If  in  this  experiment  the  wire  be  coiled  on  the  tube  in  such  a  manner 
that  when  it  is  held  vertically  the  downward  direction  of  the  coils  is  from 
right  to  left  on  the  side  next  the  observer,  this  constitutes  a  right-handed  or 
*iextrorsal  spiral  or  helix  (fig.  771),  of  which  the  ordinary  screw  is  an 
Example.  In  a  left-handed  or  sinistrorsal  helix  the  coiling  is  in  the  opposite 
<lirection,  that  is  from  left  to  right  (fig.  772). 
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Fig.  772. 

In  a  right-handed  spiral  the  north  pole  is  at  the  end  at  which  the  current 
^merges,  and  the  south  pole  at  the  end  at  which  it  enters  ;  the  reverse  is  the 
Case  in  a  left-handed  spiral.     But  whatever  the  direction  of  the  coilitv^^iVkW. 
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polarity  is  easily  found  by  the  following  rule  ;  If  aperson  swimming  ii 
current  look  at  the  axis  of  the  spiral,  th^  north  poU  is  always  on  his  left. 
If  the  wire  be  not  coiled  regulariy,  but 
if  its  direction  be  reversed,  at  each 
change  of  direction  a  consequent  pole 
(68 1 )  is  fonned  in  the  magnet.  The 
simplest  method  of  remembering  the 
potarily  produced  is  as  foUows  ; 
Whatever  be  the  nature  of  the  helix, 
either  right  or  left-handed,  if  the  end  ' 
facing  the  observer  has  the  current 
flowing  in  the  direction  of  the  hands 
of  a  watch,  it  is  a  south  pole,  and  vice 
versA.  The  same  polarity  is  produced, 
whether  or  not  there  is  an  iron  con 
within  the  helix. 

The  nature  of  the  tube  on  which 
the  helix  is  coiled  is  not  without  in- 
fluence. Wood  and  glass  have  j» 
effect,  but  a  thick  cylinder  of  eoppet 
may  greatly  affect  the  action  of  tli* 
current  unless  the  copper  be  slit  lorvff' 
tudinally.  This  action  will  be  subse- 
quently explained.  The  same  is  *^* 
case  with  iron,  silver,  and  tin. 

In  order  10  magnetise  a  steel    t*"'' 
~      by  means  of  electricity,  it  need  not    ^ 
F's-  7?3'  placed  in  a  tube,  as  shown  in  figs.  7  ^' 

and  772.  It  is  sufficient  to  coil  round  it  a  copper  wire,  covered  with  %%^ 
cotton,  or  gutta-percha  in  order  lo  insulate  the  circuits  from  one  anot?»  *"■■ 
The  action  of  the  current  is  thus  muhiplied,  and  a  feeble  current  is  sufiici  ^i" 
to  produce  a  powerful  magnetising  effect. 

883.  mectromitKtieta. — Electromagnets arehais  of  soft  iron  which,  un^if^ 
the  influence  of  a  voltaic  current,  become  magnets  ;  but  this  magnetisn»  '* 
only  temporary,  for  the  coercive  force  of  perfectly  soft  iron  is  null,  and  tt'* 
two  magnetisms  neutralise  each  other  as  soon  as  the  current  ceases  to  p^-^ 
through  the  wire.  If,  however,  the  iron  is  not  quite  pure,  it  retains  more  *-'^ 
less  traces  of  magnetisation.  Electromagnets  have  the  horse-shoe  form,  ^ 
shown  in  fig.  773,  and  a  copper  wire,  covered  with  silk  or  cotton,  is  roU^ 
several  times  round  them  on  the  two  branches  so  as  to  form  two  bobbir'*' 
A  and  B.  In  order  that  the  two  ends  of  the  horse-shoe  may  be  of  oppiosi*-* 
polarity,  the  winding  on  the  two  Umbs  A  and  B  must  be  such  that  if  tf*  ^ 
horse-shoe  were  straightened  out,  it  would  be  in  the  same  direction. 

Electromagnets,  instead  of  being  made  in  one  piece,  are  frequently  cat*  " 
structcd  of  two  cylinders,  firmly  screwed  10  a  stout  piece  of  the  same  met3-'' 
Such  are  the  electromagnets  in  Morse's  telegraph  (889),and  the  ele:tromag" 
netic  motor  (899).  The  helices  on  them  must  be  such  that  the  current  shsC 
flow  in  the  same  direction  as  the  hands  of  a  watch  as  seen  from  the  south 
pole,  and  against  the  hands  of  a  watch  as  seen  from  the  north  pole. 
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le  results  at  which  various  experimenters  have  arrived  as  regards  the 
of  electromagnets  are  often  greatly  divergent,  which  is  partly  due  to 
Serent  senses  they  have  attached  to  the  notion  of  electromagnetic  force. 
lis  may  mean  (I.)  the  induction  current  which  the  development  and 
learance  of  the  magnetism  of  an  iron  core  indicate  in  a  spiral  which 
inds  it ;  this  is  the  excited  magnetism ;  or  (II.)  the  free  magnetism 
u^  by  the  action  on  a  magnetic  needle,  oscillating  at  a  distance  ; 
the  attractive  force^  or  the  force  required  to  hold  an  armature  at  a 
ce  fix)m  the  electromagnet ;  (IV.)  the  lifting  power  measured  by  the 
Rrith  which  an  armature  is  held  in  direct  contact  with  the  pole. 
le  most  important  results  which  have  been  arrived  at  are  the  foUow- 

Using  the  term  electromagnetic  force  in  the  first  two  senses,  it  is 
rUonal  to  the  strength  of  the  current.  This  only  applies  when  the  cur- 
are not  very  powerful,  and  to  stout  bars  ;  for  in  each  bar  there  is,  as 
r  has  found,  a  maximum  of  magnetisation  which  cannot  be  exceeded. 
)  Taking  into  account  the  resistance,  the  electromagnetic  force  is  in- 
dent of  the  nature  and  thickness  of  the  wire.  Thus,  the  strength  of  the 
It,  and  the  number  of  coils  being  the  same,  thick  and  thin  wires  produce 
jne  effect. 

L)  With  the  same  current  the  electromagnetic  force 4s  independent  of 
idth  of  the  coils^  provided  the  iron  projects  beyond  the  coils,  and  the 
ter  of  the  coil  is  small  compared  with  its  length. 
.)  The  temporary  magnetic  moment  of  an  iron  bat  is,  within  certain 
,  proportional  to  the  number  of  windings.  The  product  of  the  intensity 
ie  number  of  turns  is  usually  spoken  of  as  the  magnetising  power  of 
»iraL  The  greatest  magnetising  power  is  obtained  when  the  resistance 
:  magnetising  spiral  is  equal  to  the  sum  of  the  other  resistances  in  the 
t,  those  of  the  battery  included,  and  the  length  and  diameter  of  the 
nust  be  so  arranged  as  to  satisfy  these  conditions. 
)  The  magnetism  in  solid  and  in  hollow  cylinders  of  the  same  dia- 
s  is  the  same,  provided  in  the  latter  case  there  is  sufficient  thickness 
1  for  the  development  of  the  magnetism.  With  currents  below  a  certain 
^h,  wide  tubes  of  sheet  iron  are  far  more  powerfully  magnetised  than 
rods  of  the  same  length  and  weight ;  but  with  more  i)owerful  currents 
agnetism  of  the  latter  preponderates. 

L)  The  attraction  of  an  armature  by  an  electromagnet  is  proportional 
t  square  of  the  intensity  of  the  current  so  long  as  the  magnetic  moment 
not  attain  its  maximum.  Two  unequally  strong  electromagnets  attract 
other  with  a  force  proi)ortional  to  the  square  of  the  sum  of  both  cur- 

IL)  For  powerful  currents  the  length  of  the  branches  of  an  electro- 
et  is  without  influence  on  the  weight  which  it  can  support. 
setz  observed  that,  for  the  same  strength  of  current,  electromagnetism 
duced  more  rapidly  in  circuits  with  great  resistance  and  great  electro- 
e  force  than  in  circuits  with  small  resistance  and  correspondingly 
er  electromotive  force  ;  in  the  latter  case  the  reverse  currents  which 
in  the  coils  of  the  electromagnet  come  into  play  more  than  in  the 
ar. 
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During  magnetisation  the  volume  of  a  magnet  does  not  vary.  This  has 
been  established  by  placing  the  bar  to  be  magnetised  with  its  helix  in  a  sort 
of  water  thermometer,  consisting  of  a  flask  provided  with  a  capillary  tabe. 
On  magnetising,  no  alteration  in  the  position  of  the  water  is  observed.  But 
the  dimensions  vary  ;  the  diameter  is  somewhat  lessened,  and  the  length 
increased :  according  to  Joule  to  the  extent  of  about  aY|ooo>  ^  ^^  ^^^  *^ 
magnetised  to  saturation. 

As  regards  the  quality  of  the  iron  used  for  the  electromagnet,  it  must  be 
pure,  and  be  made  as  soft  as  possible  by  being  reheated  and  cooled  a  great 
many  times  ;  it  is  polished  by  means  of  a  file,  so  as  to  avoid  twisting.    If 
this  is  not  the  case,  the  bar  retains,  even  after  the  passage  of  the  current,  a 
quantity  of  magnetism  which  is  called  the  remcutent  magnetism.    A  bundle 
of  soft  iron  wires  loses  its  magnetism  more  rapidly  than  a  massive  bar  ot 
the  same  size.    According  to  Stone,  iron  wires  may  be  materially  improved 
for  electromagnetic  experiments  by  forming  them  into  bundles  by  tying 
them  round  with  wire ;  these  bundles  are  then  dipped  in  parafHne  and  set 
fire  to. 

Remanent  magnetism  is  greater  in  long  magnets — those,  that  is  to  say,  in 
which  the  diameter  is  small  in  proportion  to  the  length.  It  is  decidedly 
greater  in  soft  iron  when  the  magnetising  current  is  not  opened  suddenly,  as 
is  usually  the  case,  but  is  gradually  brought  to  zero  by  inserting  successively 
greater  resistances.  By  suddenly  opening  the  current  it  has  occasionally 
been  found  with  thick  rods  of  very  soft  iron  that  a  reversed  remanent  mag- 
netism is  met  with,  which  is  called  abnormal  magnetisation. 

This  is  easily  understood  from  the  tendency  of  molecular  magnets  to  re- 
vert to  this  primitive  condition  (879).  In  doing  this  they  experience  a  certain 
friction  or  resistance,  and  when  the  magnetisation  gradually  diminishes  this 
hinders  the  complete  reversal  of  the  molecules ;  but  with  a  sudden  cessation 
the  molecules,  from  the  greater  ins  viva  of  their  reversal,  will  sooner  come 
back  to  their  original  position,  or  even  pass  it,  and  come  to  rest  on  the 
opposite  side. 

884.  vibratory  motion  and  sounds  produced  by  onrrents. — When  a 
rod  of  soft  iron  is  magnetised  by  a  strong  electric  current,  it  gives  a  very 
distinct  sound,  which,  however,  is  only  produced  at  the  moment  of  closing 
or  opening  the  current.  This  phenomenon,  first  observed  by  Page  in 
America,  and  by  Delezenne  in  France,  was  particularly  investigated  by 
De  la  Rive,  who  attributed  it  to  a  vibratory  motion  of  the  molecules  of 
iron  in  consequence  of  a  rapid  succession  of  magnetisations  and  demag- 
netisations. 

When  the  current  is  broken  and  closed  at  very  short  intervals,  De  la  Rive 
observed  that,  whatever  be  the  shape  or  magnitude  of  the  iron  bars,  two 
sounds  may  always  be  distinguished  ;  one,  which  is  musical,  corresp>onds  to 
that  which  the  rod  would  give  by  vibrating  transversely  ;  the  other,  which 
consists  of  a  series  of  harsh  sounds,  corresponding  to  the  interruptions  of 
the  current,  was  compared  by  De  la  Rive  to  the  noise  of  rain  falling  o" 
a  metal  roof.  The  most  marked  sound  is  that  obtained  by  stretching, 
on  a  sounding-board,  pieces  of  soft  iron  wire,  well  annealed,  from  i  to  2  mm. 
in  diameter,  and  i  to  2  yards  long.  These  wires  being  placed  in  the  axis  of 
ono,  or  more  bobbins  traversed  by  powerful  currents,  send  forth  a  number  of 
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sounds,  which  produce  a  surprising  effect,  and  much  resemble  that  of  a 
number  of  church  bells  heard  at  a  distance. 

Wertheim  obtained  the  same  sounds  by  passing  a  discontinuous  cur- 
rent, not  through  the  bobbins  surrounding  the  iron  wires,  but  through  the 
wires  themselves.  The  musical  sound  is  then  stronger  and  more  sonorous 
in  general  than  in  the  previous  experiment.  The  hypothesis  of  a  molecular 
movement  in  the  iron  wires  at  the  moment  of  their  magnetisation,  and  of 
their  demagnetisation,  is  confirmed  by  the  researches  of  Wertheim,  who 
found  that  their  elasticity  is  then  diminished. 

885.  mei8*s  telepbone. — The  essential  features  of  this  instrument  (fig. 
774)  are  a  sort  of  box,  B,  one  side  of  which  is  closed  by  a  membrane  C, 
while  there  is  a  mouthpiece.  A,  in  another  side.  On  the  membrane  is  a 
piece  of  thin  metal-foil  C,  which  is  connected  with  a  wire  leading  to  one 
pole  of  the  battery  G,  the  other  pole  of  which  is  put  to  earth.  Just  above 
the  foil,  and  almost  touching  it,  is  a  metal  point  D,  which  is  connected  by 
the  line  wire  (886)  with  one  end  of  a  coil  of  insulated  wire  surrounding  an 
iron  wire,  the  other  end  of  which  is  put  to  earth. 

When  the  mouthpiece  is  spoken  or  sung  into,  the  sounds  set  the  mem- 
brane in  vibration  ;  this  alternately  opens  and  closes  the  current,  and  these 
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Fig.  774 

makes  and  breaks  being  transmitted  through  the  circuit  to   the  electro- 
magnet F,  produce  the  corresponding  sounds. 
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886.  Bleotrio  telecraplui. — These  are  apparatus  by  which  signals  can  be 
transmitted  to  considerable  distances  by  means  of  voltaic  currents  propa- 
gated in  metallic  wires.  Towards  the  end  of  the  last  century,  and  at  the 
beginning  of  the  present,  many  philosophers  proposed  to  correspond  at  a 
distance  by  means  of  the  effects  produced  by  electrical  machines  when  pro- 
pagated in  insulated  conducting  wires.  In  181 1,  Soemmering  invented  a 
telegraph,  in  which  he  used  the  decomposition  of  water  for  giving  signals. 
In  1820,  at  a  time  when  the  electromagnet  was  unknown.  Ampere  proposed 
to  correspond  by  means  of  magnetic  needles,  above  which  a  current  was  sent, 
as  many  wires  and  needles  being  used  as  letters  were  required.  In  1834, 
Gauss  and  Weber  constructed  an  electromagnetic  telegraph,  in  which  a  voltaic 
current  transmitted  by  a  wire,  acted  on  a  magnetised  bar,  the  oscilla.uot^%  ^^ 
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which  under  its  influence  were  observed  by  a  telescope.  They  succeeded  in 
thus  sending  signals  from  the  Observatory  to  the  Physical  Cabinet  in  GSt- 
tingen,  a  distance  of  a  mile  and  a  quarter,  and  to  them  belongs  the  hoDouioT 
having  lirst  demonstrated  experimentally  the  possibility  of  electrical  com- 
munication at  a  considerable  distance.  In  1S37,  Stein heil  in  Munich,  and 
Wheatstone  in  London,  constructed  telegraphs  in  which  several  wires  eacli 
acted  on  a  single  needle  ;  the  current  in  the  first  case  being  produced  by  m 
electromagnetic  machine,  and  in  the  second  by  a  constant  battery. 

Every  electric  telegraph  consists  essentially  of  three  parts  ;  i,  a  draut 
consisting  of  a  metallic  connection  between  two  places,  and  an  eitctromator 
for  producing  the  current ;  3,  a  communicator  iar  sending  the  signals  from 
the  one  station  ;  and,  3,  an  indicator  for  receiving  them  at  the  other  station. 
The  manner  in  which  these  objects,  more  especially  the  last  two,  are  effected 
can  be  greatly  varied,  and  we  shall  limit  ourselves  to  a  description  of  ifae 
three  principal  methods. 

One  form  of  electromotor  still  sometimes  used  in  England  is  a  modifict- 
tionofWollaslon'sbatter>',  It  consists  of  a  trough  divided  into  compartnwBtJ 
in  each  of  which  is  an  amalgamated  zinc  plate  and  a  copper  plate ;  tbese 
plates  are  usually  about  4^  inches  in  height  by  3j  in  breadth.  The  compart- 
ments are  filled  with  sand,  which  is  moistened  with  dilute  sulphuric  adi 
This  battery  is  inexpensive  and  easily  worked,  only  requiring  from  time  10 
time  the  addition  of  a  little  acid  ;  but  it  has  very  low  electromotive  fore* 
and  considerable  resistance,  and  when  it  has  been  at  work  for  some  lime 
the  efTects  of  polarisation  begin  to  be  perceived.  On  the  telegraphs  of  the 
South-Eastem  Railway,  the  platinistd 
graphite  (811)  battery,  invented  by  Mr. 
C.  V.  Walker,  has  been  used  with  success. 
On  circuits  on  which  there  is  constant 
work  some  form  of  Daniell's  battery  is 
used,  and  for  other  circuits  LeclancWs 
celt  is  coming  into  more  extended  use. 
In  France,  Daniell's  battery  is  used  for 
.   telegraphic  purposes. 

The    connection    between   two  sta- 
tions is  made  by  means  of  galvanised 
iron  wire  suspended   by  porcelain  sup- 
'''^  "^  ports  (fig.  775),  which  insulate  and  pro- 

tect them  against  the  rain,  either  on  posts  or  against  the  sides  of  buildings. 
In  England  and  other  moist  climates  special  attention  is  required  lo  be  paid 
to  the  perfection  of  the  insulation.  In  towns,  wirescovered  with  gulta-perclu 
are  placed  in  tubes  laid  in  the  ground.  Submarine  cables,  where  gt**' 
strength  is  required  combined  with  lightness  and  high  conducting  po'M. 
are  formed  on  Ihe  general  type  of  one  of  the  Atlantic  cables,  a  longitudinal 
view  of  which  is  given  in  fig.  776,  while  fig.  777  represents  a  cross  seclioo. 
In  the  centre  is  the  core,  which  is  the  conductor  ;  it  consists  of  seven  coppW 
wires,  each  1  mm.  in  diameter,  twisted  in  a  spiral  strand  and  covered  "i''' 
several  layers  of  gutta-percha,  between  each  of  which  is  a  coating  ^ 
Chattertoiis  compound—^  mixture  of  tar,  resin,  and  gutta-percha.  TI"' 
forms  the  i«J-«/a/cr  proper,  and  it  should  liave  great  resistance  to  the  pass^ 
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of  electricity,  combined  with  low  specific  indu< 
the  insulator  is  a  coating  of  hemp,  and  on  t 
protecting  sheath  of  steel  wire,  each  of  which 


Fig.  776 

At  the  station  which  sends  the  despatch,  the  line  is  connected  with  the 
positive  pole  of  a  batter)-,  the  current  passes  by  the  line  to  the  other  si 
and  if  there  were  a  second  return  line,  it  would  traverse  it  in  the  opposite 
direction  to  return  10  the  negative  pole.  In  1837,  Steinheil  made  the  very 
important  discovery  that  the  earth  might  be  used  for  the  return  conductor, 
thereby  sa^'ing  the  expense  o(  the  second  line.  For  this  purpose  the  end  of 
the  conductor  at  the  one  stalion,  and  the  negative  pole  of  the  battery  at 
the  other,  are  connected 
irith  large  copperplates, 
Which  arc  sunk  to  some 
depth  in  the  ground. 
The  action  is  then  the 
same  as  if  the  earth  acted 

Cuth  is,  indeed,  far 
■nperior  to  a  return 
vire ;  for  the  added  re- 
Stance  of  such  a  »'ire 
would  be  considerable, 
whereas  the  resistance 
of  the  earth  beyond  a 
short  distance  is  abso- 
tmely  nil.  The  earth 
naiXy  dissipatts  theelec- 
iriciiy  and  does  not 
actually  return  the  same 
current  to  (he  battery. 

887.  WTbeBtatona'B 
«ad  Cooke'a  alnsie 
waedla      telSKrapIl-  — 

This  consists  essentially 

€rf  a  vertical  muliiplier 

(811)    with     an     astatic 

needle,  the  arrangement 

*>f  which  is  seen  in  fig. 

779,  while  fig.  778  gives  a  front  view  of  thi 

p'aced,  A  (fig.  779)  is  the  bobbin,  consistinj 


which  the  apparatus  is 
of  about  ^oo  feeV  ol  ^wi  cQ'^^t 
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wire,  wound  in  a  frame  in  two  connected  coils.  Instead  of  an  astatic  needle, 
Mr.  Walker  has  found  it  advantageous  to  use  a  single  needle  formed  of 
several  pieces  of  very  ihin  steel  strongly  magnetised  ;  it  works  with  the 
bobbin,  and  a  light  index  joined  to  it  by  a  horizontal  axis  indicates  the 
motion  of  the  needle  on  the  dial. 

The  signs  are  made  by  ttansmitling  the  current  in  difTerent  directions 
through  the  multiplier,  by  which  the  needle  is  deflected  either  to  the  right  or 
left,  according  to  the  will  of  the  operator.  The  instrument  by  which  this 
is  effected  is  a  commutator  or  key,  G,  fig.  780  ;  its  action  is  ahown  in  fig.  779, 
while  tig.  7S0  shows  on  a  large  scale  how  two  stations  are  conneaed.  It 
consists  of  a  cylinder  of  boxwood  with  a  handle,  which  projects  in  boat  of 
the  case  (lig.  778}.  On  its  circumference  parallel  to  the  axis  are  seven  bia:>s 
strips  (fig.  780),  the  spaces  between  which  are  insulated  by  ivory ;  tbest 
strips  are  connected  at  the  end  by  metallic  wires,  also  insulated  from  each 
other,  in  the  following  manner  :  a  with  Sand  f,/with  </,  and<  whli/.  Fiwr 
springs  press  against  the  cylinder  ;  x  and  y  are  connected  with  die  poles  of 
the  battery,  m  with  the  earth  plate,  and  n  with  one  end  of  the  multiplier,  K. 
When  not  at  woric  the  cylin- 
der and  the  handle  are  is  a 
vertical  position,  as  seen  on  ih* 
left  of  the  diagram.  The  circuit 
is  thus  open,  for  the  pole  springs, 
J-  and  y,  are  not  connected  with 
the  melal  of  the  commulalor. 
But  if,  as  in  the  figure  on  ibc 
right,  the  key  is  turned  to  the 
right,  the  battery  is  brought  inio 
the  circuit,  and  the  current 
passes  in  the  following  dirK- 
tion ;  -t  pole,  x'a'6'ii"SVq'\ 
conductor  ffSinacmEp,  ewt'' 
p'K-m'e'g'y',  -  poie.  The  coils  N 
and  N'  are  so  arranged  thai  bj- 
the  action  of  the  current  the  mo- 
tion of  the  needle  corresponds  10 
the  motion  of  the  handle.  Uy 
luming  the  handle  to  the  left  th* 
current  would  have  the  fbllowini! 
direction  :  +  pole  x'(f/'m%f' 
carlh  pV.iiiciifinMj,  fondufl* 
p'q'Wn'b'a'y,  -  pole,  and  thus  ll* 
needle  would  be  deflected  in  th' 
opposite  direction. 
1. 1^,  „„  The  signs  are  given  by  dilfei- 

enily  combined  deflection*  of  ill* 
iiccdlc,  as  represented  in  the  alphabet  on  the  dial  {fig.  778).  \  denotes  a 
dcflcriiim  of  the  upper  end  of  the  needle  to  the  left,  and  /  a  deflection  1" 
the  right  ;  I,  for  instance,  is  indicated  by  two  deflections  to  the  left,  and  H 
)))■  two  lo  the  right.    Some  of  the  marks  on  the  alphabet  are  only  half  ii' 
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ong  as  the  others  ;  this  in(Iica.tes  that  the  shortest  of  the  connected  marks 
msi  first  be  signalled.  Thus,  D  is  expressed  by  right-Ieft-lef),  and  C  by 
ight- 1  eft -right -left,  etc. 

These  sifins    are  somewhat  complicated    and    require    great    practice  ; 


uaally  not  more  than  ii  to  20  words  can  be  sent  in  a  minute.  The  single- 
leedle  telegraph  was  formerly  someiimes  replaced  by  the  double -needle  one, 
»hich  is  constructed  on  the  same  principle,  but  there  are  two  needles  and 
wo  wires  instead  of  one. 

888.  nial  telernptu.— Of  these  many  kinds  exist.     Figs.  782  and  783 
represent   a   lecture-model   of  one  form,    constructed    by   Froment,  and 
rtiich  well   seri-cs  to  illustrate  the   principle.     It 
|[wsisis  of  two  parts  :  the  manipulator  for  trans- 
lUlting  signals  (fig.  782),  and  the  indicator  (fig. 

£3]  for  receiving  them.  The  first  apparatus  is 
nnected  with  a  battery,  Q,  and  the 
htus  are  in  communication  by  means 
»ires,  one  of  which,  AOD  (fig.  782),  ffcs  from  the 
kparture  to  the  arrival  station,  and  the  other, 
UKLI  (fip.  783),  from  the  arrival  to  the  departure. 
tn  practice,  the  latter  is  replaced  by  the  earth 
circuit.  Each  apparatus  is  furnished  with  a  dial 
Irith  35  of  the  letters  of  the  alphabet,  on  which  a 
needle  moves.  The  needle  at  the  departure  station 
fc  moved  by  hand,  that  of  the  arrival  by  electricity.  '** '  '' 

The  path  of  the  current  and  its  effects  are  as  follows  ;  from  the  battery 
K  passes  through  a  copper  wire,  A  (fig.  782),  into  a  brass  spring,  N, 
rtiich  presses  against  a  metal  wheel,  R,  then  by  a  secovid  s'pfw^,'^,^ 


^■^  ^^HH^^^H 
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^^^Rtbe  wire  0,  which  joins  the  other  sUIion.     Thence  the  current  passes  inl 
^^^Hthe  bobbin  of  an  electromagnet,  b,  not  fully  shown  in  i\%.  783,  but  of  whici 

r. 

[ 

LI 

^^^^^^^^^^^^^^r             °4IhI^^^b 

L^ 

^^^^^     ^^^^^^^^  RPi  'H 

1 

jD'^^H 

■ 

fig.  7B1  represents  a  section,  showing  the  front  of  the  apparatus.     This 
eleclromagnet  is  fixed  horixontally  at  one  end,  and  at  the  other  it  sttiKB 
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in  armature  of  soft  iron,  a^  which  forms  part  of  a  bent  lever,  movable  about 
ts  axis,  Oy  while  a  spring,  r,  attracts  the  lever  in  the  opposite  direction. 

When  the  current  passes,  the  electromagnet  attracts  the  lever  aC,  which 
by  a  rod,  /,  acts  on  a  second  lever,  d^  fixed  to  a  horizontal  axis,  itself  con- 
nected with  a  fork,  F.  When  the  current  is  broken  the  spring  r  draws  the 
lever  «C,  and  therewith  all  the  connected  pieces  ;  a  backward  and  forward 
motion  is  produced,  which  is  communicated  to  the  fork  F  ;  this  transmits 
it  to  a  toothed  wheel,  G,  on  the  axis  of  which  is  the  needle.  From  the 
arrangement  of  its  teeth,  the  wheel  G  is  always  moved  in  the  same  direction 
by  the  fork. 

To  explain  the  intermittent  action  of  the  magnet,  we  must  refer  to  fig. 
782.  The  toothed  wheel,  R,  has  26  teeth,  of  which  25  correspond  to  letters 
of  the  alphabet,  and  the  last  to  the  interval  reserved  between  the  letters  Z 
and  A.  When  holding  the  knob  P  in  the  hand  the  wheel  R  is  turned,  the  end 
of  the  plate  N  from  its  curvature  is  always  in  contact  with  the  teeth  ;  the 
plate  M,  on  the  contrary,  terminates  in  a  catch  cut  so  that  contact  is  alter- 
nately made  and  broken.  Hence,  the  connections  with  the  battery  having 
been  made,  if  the  needle  P  is  advanced  through  four  letters,  for  example,  the 
current  passes  four  times  in  N  and  M,  and  is  four  times  broken.  The  electro- 
magnet of  the  arrival  station  will  then  have  attracted  four  times,  and  have 
ceased  to  do  so  four  times.  Lastly,  the  wheel  G  will  have  turned  by  four 
teeth,  and  as  each  tooth  corresponds  to  a  letter,  the  needle  of  the  arrival 
station  will  have  passed  through  exactly  the  same  number  of  letters  as  that 
of  the  departure  station.  The  piece  S,  represented  in  the  two  figures,  is  a 
copper  plate,  movable  on  a  hinge,  which  serves  to  make  or  to  break  the 
current  at  will. 

From  this  explanation  it  will  be  readily  intelligible  how  communications 
arc  made  between  different  places.  Suppose,  for  example,  that  the  first  ap- 
paratus being  at  London  and  the  second  at  Brighton,  there  being  metallic 
connection  between  the  two  towns,  it  is  desired  to  send  the  word  signal  to 
the  latter  town  :  as  the  needles  correspond  on  each  apparatus  to  the  interval 
retained  between  Z  and  A,  the  person  sending  the  dispatch  moves  the 
needle  P  to  the  letter  S,  where  it  stops  for  a  very  short  time  ;  as  the  needle 
in  Brighton  accurately  reproduces  the  motion  of  the  London  needle,  it  stops 
at  the  same  letter,  and  the  person  who  receives  the  despatch  notes  this  letter. 
The  one  at  London,  always  continuing  to  turn  in  the  same  direction,  stops 
at  the  letter  I,  the  second  needle  immediately  stops  at  the  same  letter  ;  and 
continuing  in  the  same  manner  with  the  letters  G,  N,  A,  L,  all  the  word  is 
soon  transmitted  to  Brighton.  The  attention  of  the  observer  at  the  arrival 
station  is  attracted  by  means  of  an  electric  alarum.  Each  station  must 
further  be  provided  with  the  two  apparatus  (figs.  782  and  783),  without  which 
it  would  be  impossible  to  answer. 

889.  Morse's  telegraph. — The  telegraphs  hitherto  described  leave  no 
trace  of  the  despatches  sent,  and  if  any  errors  have  been  made  in  copying 
the  signals  there  is  no  means  of  remedying  them.  These  inconveniences 
are  not  met  with  in  the  case  of  the  writing  telegraphs^  in  which  the  signs 
themselves  are  printed  on  a  strip  of  paper  at  the  time  at  which  they  are 
transmitted. 

Of  the  numerous  printing  and  writing  telegraphs  which  have  been  de.vvsft.'d..^ 
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that  of  Morse,  first  brought  into  use  in  Nonh  America,  is  best  known.  It 
has  been  almost  universally  adopted  on  the  Continent.  In  this  instrument 
there  are  three  distinct  parts  :  the  indicator,  the  commuiticiUor,  and  the 
relay;  figs.  784,  785, and  7S6  represent  these  apparatus. 

Iridicalor.  We  will  first  describe  the  indicator  (fig.  7S4),  leaving  out  of 
sight  for  the  moment  the  accessory  pieces,  G  and  T,  placed  on  the  right  of 
the  figure.  Thecmrent  which  enters  the  indicator  by  the  wire,  C,  passes  into 
an  electromagnet  £,  which  when  the  current  is  closed,  attracts  an  armature 
of  soft  iron,  A,  fixed  at  the  end  of  a  horiiootal  levermovable  about  an  axis,  r; 
when  the  current  is  open  the  lever  is  raised  bya  spring,  r.  By  means  of  two 
screws,  m  and  v,  the  amplitude  of  the  oscillations  is  regulated.  At  the 
other  end  of  the  lever  there  is  a  pencil,  o,  which  writes  the  signals.  Forthis 
purpose  a  long  band  of  strong  paper,  pp,  rolled  round  a  drum,  R,  passes 
between  two  copper  rollers  with  arough  surface,  u,  and  turning  in  conttar)' 


Drawn  in  the  direction  of  Ihe  arrows,  the  band  of  paper  be- 
comes rolled  on  a  second  drum,  Q,  which  is  turned  by  hand.  A  clock"<i* 
motion  placed  in  the  box,  BD,  works  the  rollers,  between  which  the  band  » 
paper  passes. 

The  paper  being  thus  set  in  motion,  whenever  the  electromagnet  H'orts. 
the  point  a  strikes  the  paper,  and,  without  perforating  it,  produces  an  inden- 
tation, [he  shape  of  which  depends  on  the  time  during  which  the  point  is '" 
contact  with  the  paper.  If  it  only  strikes  it  inslantaneousi)',  it  makes  3 1^ 
{-)  or  short  stroke;  but  if  the  contact  has  any  duration,  a  dash  {— )  '^^"K 
sponding  length  is  produced.  Hence,  by  varying  the  length  of  contact*" 
rlie  IniDsmilting  key  at  one  station,  a  combination  of  dots  and  dashes  >^>)^ 
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mxluced  at  another  station,  and  it  is  only  necessary  to  give  a  definite 
uiing  to  these  combinations. 

In  order  to  make  an  indentation  a  considerable  pressure  is  required,  which 
essitates  the  employment  of  a  strong  current,  and  the  newer  instru- 
its  are  based  on  the  use  of  ink-writers.  The  paper  band  passes  close  to, 
not  touching,  a  metal  disc  with  a  fine  edge  which  turns  against  a  small 
roller^  all  being  rotated  by  the  same  mechanism.  Instead  of  a  point 
he  end  of  O  there  is  a  disc  turning  on  a  pivot.  When  the  end  A  is 
acted,  the  small  disc  at  the  other  end  presses  the  paper  against  the  disc 
ch  is  inked  by  contact  with  the  ink-roller,  and  thus  produces  a  mark  on  the 
cr,  which  is  either  short  or  long  according  to  the  duration  of  the  contact. 
\  signs  are  thus  more  legible  and  are  produced  by  far  weaker  currents. 
The  same  telegraphic  alphabet  is  now  universally  used  wherever  tele- 
phic  communication  exists  ;  and  the  signals  for  the  single  needle  instru- 
ct (fig.  784)  as  well  as  those  used  for  printing  have  been  modified,  so  that 
^  now  correspond  to  each  other.  Thus  a  beat  of  the  top  of  the  needle  to 
left  \  is  equivalent  to  a  dot :  and  a  beat  to  the  right  /  to  a  dash.  The 
owing  figure  gives  the  alphabet. 

"Wi^flag  signals  used  in  military  operations  are  similarly  used.  A  swing 
the  flag  from  its  upright  vertical  position  to  the  right  or  left  has  the  same 
uiing  as  the  corresponding  motion  of  the  top  end  of  the  needle.  So  too 
g  or  short  obscurations  of  the  lime  light  used  in  signalling  by  night,  or  of 
heliograph  (523),  correspond  to  dashes  and  dots. 
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Communicator  or  key.     This  consists  of  a  small  mahogany  base,  which 
s  as  support  for  a  metallic  lever  ab  (fig.  785),  movable  in  its  middle  on  a 
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horiioata]  axis.  The  extremity  a  of  this  lever  is  always  pressed  npwards  by 
a  spring  beneath,  so  that  it  is  only  by  pressing  with  the  tlnger  on  the  key  B 
that  the  lever  sinks  and 
strikes  the  button  x. 
Rotmd  the  base  there 
are  three  binding  screws, 
one  connected  with  the 
wire  P,  which  comes 
from  the  positive  pole  of 
the  battery;  the  second 
connected  with  L,  the 
line  wire ;  and  the  third 
with  the  wire  A,  wbicb 
passes  to  the  indiouor, 


F«.  785. 

n  communication  are  each  provided  with  an  indi- 


for  of  course  two  plac 
cator  and  communicator. 

These  details  known,  there  are  two  cases  to  be  considered,  i.  The  am- 
municator  is  arranged  so  as  to  receive  a  message  from  a  distant  stalim; 
the  end  6  is  then  depressed,  as  represented  in  the  drawing,  so  that  tbe 
current  which  arrives  by  the  line  wire  L,  and  ascends  in  the  metallic  ^«t 
m,  redescends  in  the  wire  A,  which  leads  it  to  the  indicator  of  tbe  post 
at  which  the  apparatus  is  placed.  2.  A  message  is  to  be  transmitted ;  in 
this  case  the  key  B  is  pressed  so  that  the  lever  comes  in  contact  with  the 
button  X.  The  current  of  the  local  battery,  which  comes  by  the  wire  P, 
ascending  then  in  the  lever,  redescends  by  m  and  joins  the  wire  L,  whicb 
conducts  it  to  the  station  to  which  the  despatch  is  addressed.  According  to 
the  length  of  time  during  which  B  is  pressed,  a  dot  or  a  line  is  produced  in 
the  receiver  to  which  the  current  proceeds. 

Relay.  In  describing  the  receiver  we  have  assumed  that  the  current  ol 
the  line  coming  by  the  wire  C  {fig.  784)  entered  directly  into  the  electro- 
magnet, and  worked  the  armature  A,  producing  a  despatch  ;  but  when  the 
current  has  traversed  a  distance  of  a  few  miles  its  intensity  has  diminished 
so  greatly  that  it  cannot  act  upon  the  electromagnet  with  sufficient  force  to 
print  a  despatch.  Hence  it  is  necessary  to  have  recourse  to  a  relay — that  is, 
to  an  auxiliary  electromagnet  which  is  still  traversed  by  the  current  of  the 
line,  but  which  serves  to  introduce  into  the  communicator  the  current  of* 
local  battery  of  4  or  5  elements  placed  at  the  station,  and  which  is  only  used 
to  print  the  signals  transmitted  by  the  wire. 

For  this  purpose  the  current  entering  the  relay  by  ihe  binding  screw,  L 
{fig.  786),  passes  into  an  electromagnet,  E,  whence  it  passes  into  the  ewih 
by  the  binding  screw  T.  Now,  each  time  that  the  current  of  the  line  passes 
into  the  relay,  the  electromagnet  attracts  an  armature.  A,  fixed  at  the  botloffl 
of  a  vertical  lever,^,  which  oscillates  about  a  horizontal  axis. 

At  each  oscillation  the  top  of  the  lever  jJ  strikes  against  a  button  «. 
and  at  this  moment  the  current  of  the  local  battery  which  enters  by  the  bind- 
ing screws,  ascends  the  column  wi,  passes  into  the  lever ^,  descends  byiherod 
<j,  which  transmits  it  to  the  screw  Z:  thence  it  enters  the  electromagnet  of  fl" 
indicator,  whence  it  emerges  by  the  wire  Z,  to  return  to  the  local  battery  f™"" 
which  it  started.     Then,  when  the  current  of  the  line  is  open,  the  elKi'"' 
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magnet  of  the  relay  does  not  act,  and  the  lever  jt,  drawn  by  a  spring  r,  leave*  I 
the  button  w,  as  shown  in  the  drmving,   and   the  local  current  no  longer 
passes.     Thus  the  relay  transmits  to  ihc  indicator  exactly  the  same  phas 
passage  and  imer- 
mittence   as    those 
effected      by      the 
manipulator  in  the 
station  which  sends 
the  despatch. 

With  a  general 
ballcry  of  i;  Da- 
rnell's elements  iliu 

strong  enough  .a 
upwards  of  90  milts 
from  its  starting- 
point  to  work  a  re- 
lay. For  a  longer 
distance  a  new  cur- 
reat  must  be  taken,  as  will  be 
current  {vidt  infra). 

Working  oftht  three  apparatus.  The  three  principal  pieces  of  Morse's 
apparatus  being  thus  known,  the  following  is  the  actual  path  of  the  current. 

The  current  of  the  line  coming  by  the  wire  L  (fig,  784)  passes  at  first  to 
the  piece  T  intended  to  serve  as  lightning-conductor  when,  from  the  influence 
of  atmospheric  elertricity  in  time  of  storm,  the  conducting  wires  become 
charged  with  so  much  electricity  as  to  give  dangerous  sparks.  This  appara- 
tus consists  of  two  copper  discs,  rfand_^  provided  with  teeth  on  the  sides 
opposite  each  other,  but  not  touching.  The  disc  d  is  connected  with  the 
earth  by  a  metal  plate  at  the  back  of  the  stand  which  supports  this  light- 
ning conductor,  while  the  disc/is  in  the  current.  The  latter  coming  by  the 
line  L  enters  the  lightning-conductor  by  the  binding  screw  tixed  at  the  lower 
part  of  the  stand  on  the  left ;  then  rises  to  a  commutator,  h,  which  conducts 
it  to  a  button,  IT,  whence  it  reachesthe  disc/by  a  metal  plate  at  the  back  of 
the  stand  ;  in  case  a  lightning  discharge  should  pass  along  the  wire,  it  would 
now  act  inductively  on  the  disc  d,  and  emerge  by  the  points  without  danger 
to  those  about  the  apparatus.  Moreover,  from  the  disc_^  the  current  passes 
into  a  very  tine  iron  wire  insulated  on  a  tube  e.  As  the  wire  is  melted,  when 
the  discharge  is  too  strong,  the  electricity  does  not  pass  into  the  apparatus, 
which  still  further  removes  any  danger. 

Lastly,  the  current  proceeds  from  the  foot  of  the  support  to  a  screw  on 
the  right,  which  conducts  it  to  a  small  galvanometer,  G,  serving  to  indicate 
by  the  deflection  of  the  needle  whether  the  current  passes.  From  this  gal- 
vanometer the  current  passes  to  a  commutator  (fig.  785),  which  it  enters 
at  L,  whence  it  emerges  at  A  to  go  to  the  relay  (fig.  786),  Entering  this  at 
L,  it  works  the  electromagnet,  and  establishes  the  communication  necessary 
'or  the  passage  of  the  current  of  the  local  battery,  as  has  been  said  in 
speaking  of  the  relay. 

"'  "W  "J  current.    To  complete  this  description  of  Morse's  a^^a.r^VM&'tL. 
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must  be  observed  that  in  general  the  current  which  arrives  at  L  after  having 
traversed  several  miles,  has  not  sufficient  force  to  register  the  despatch,  nor 
to  proceed  to  a  new  distant  point.  Hence  in  each  telegraphic  station  a 
new  current  must  be  taken,  that  of  the  postal  battery^  which  consists  of  20  to 
30  Daniell's  elements,  and  is  not  identical  with  the  local  battery. 

This  new  current  enters  at  P  (fig.  784),  reaches  a  binding  screw  which 
conducts  it  to  the  column  H,  and  thence  only  proceeds  further  when  the 
armature  A  sinks.  A  small  contact  placed  under  the  lever  touches  then  the 
button  V ;  the  current  proceeds  from  the  column  H  to  the  metallic  mass 
BD,  whence  by  a  binding  screw  and  a  wire,  not  represented  in  the  figure,  it 
reaches  lastly  the  wire  of  the  line,  which  sends  it  to  the  following  post,  and 
so  on  from  one  point  to  another. 

890.  Cowper'B  writing  teleyrapb. — This  very  remarkable  invention  is 
a  true  telegraph,  in  that  it  faithfully  reproduces  at  a  distance  an  exact  facsimile 
of  a  person's  handwriting. 

The  following  is  a  general  idea  of  the  principle  of  the  instrument. 

Two  line  wires  are  required,  which  are  severally  connected  at  the  re- 
ceiving station  with  two  galvanometers,  whose  coils  are  at  right  angles  to 
each  other.  At  the  sending  station  is  a  vertical  pencil  with  two  light  rods, 
jointed  to  it  at  right  angles  to  each  other.  One  of  these  contact  rods  guides 
a  contact  piece  which  is  connected  by  a  wire  with  one  pole  of  a  battery,  the 
other  pole  of  which  is  to  earth.  This  contact  piece  slides  over  the  edges  ot 
a  series  of  contact  plates  insulated  from  each  other,  between  each  of  which 
a  special  resistance  is  interposed,  and  the  last  of  the  contact  plates  is  con- 
nected with  one  line  wire.  The  ocher  contact  piece  slides  over  a  second 
series  of  such  plates  connected  with  the  other  line  wire. 

Let  us  consider  one  contact  alone  ;  as  it  moves  over  the  contact  plates  in 
one  direction  or  the  other,  it  brings  less  or  more  resistance  into  the  circuit, 
and  thereby  alters  the  strength  of  the  current.  The  effect  of  this  is  that  the 
needle  of  the  corresponding  galvanometer  is  less  or  more  deflected.  Now  the 
end  of  this  needle  is  connected  by  a  light  thread  with  a  receiving  pen,  which 
is  a  capillary  tube  full  of  ink.  An  oscillation  of  the  needle  would  produce  an 
up  and  down  motion  of  the  pen,  and  if  simultaneously  a  band  of  paper  passed 
under  the  pen,  being  moved  regularly  by  clockwork,  there  would  be  produced 
on  it  a  series  of  up  and  down  strokes.  A  corresponding  effect  would  be  pro- 
duced by  the  action  of  the  needle  of  the  other  galvanometer,  except  that  its 
strokes  would  be  backwards  and  forwards  instead  of  up  and  down. 

Now  the  action  of  the  writing  pen  is  that  it  varies  simultaneously  the 
strengths  of  the  two  currents,  and  they  produce  a  motion  of  the  receiving 
pen  which  is  compounded  of  the  two  movements  described  above,  and 
which  is  an  exact  reproduction,  on  a  smaller  scale,  of  the  original  motion. 
The  following  line  is  a  facsimile. 


Both  the  paper  written  in  pencil  at  the  sending  station  and  that  written 
in  ink  at  the  receiving  station  move  along  as  the  writing  proceeds,  and  the 
messages  have  only  to  be  cut  off"  from  time  to  time. 
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nts  made  with  this  instrument  show  that  it  will  write  through 
f  36  miles. 

lOtlon  in  taleyrapb  cables. — In  the  earliest  experiments  on  the 
ted  subterranean  wires  for  telegraphic  communication  it  was 
ficulties  occurred  in  their  use  which  were  not  experienced  with 
BS.  This  did  not  arise  from  defective  insulation,  for  the  better 
1  the  greater  the  difficulty.  It  was  suspected  by  Siemens  and 
he  retardation  was  due  to  statical  induction,  taking  place  be- 
ler  wire  through  the  insulator  and  the  external  moisture  ;  and 
'cd  that  this  was  the  case  by  the  following  experiments  among 
aigth  of  about  100  miles  of  gutta-percha-covered  copper  wire 
1  in  water,  the  ends  being  led  into  the  chamber  of  observation, 
le  of  a  battery  containing  a  large  number  of  cells  was  momen- 
:ed  with  one  end  of  the  wire,  the  other  end  being  insulated,  and 
iltaneously  touched  the  wire  and  the  earth  contact,  he  obtained 
:k. 

wire,  after  being  in  momentary  contact  with  the  battery,  was 
inection  with  a  galvanometer,  a  considerable  deflection  was 
ere  was  a  feebler  one  3  or  4  minutes  after,  and  even  as  long  as 
ites  afterwards. 

insulated  galvanometer  was  permanently  connected  with  one 
re,  and  then  the  free  end  of  the  galvanometer  wire  joined  to  the 
tattery,  a  rush  of  electricity  through  the  galvanometer  into  the 
ceived.     This  speedily  diminished  and  the  needle  ultimately 

When  the  galvanometer  was  detached  from  the  battery  and 
the  electricity  flowed  as  rapidly  out  of  the  wire,  and  the  needle 
irily  deflected  in  the  opposite  direction. 

enomena  are  not  difficult  to  explain.  The  wire  with  its  thin 
iting  of  gutta-percha  becomes  statically  charged  with  electricity 
ery.  The  coating  of  gutta-percha  through  which  the  inductive 
place  is  only  jj  of  an  inch  in  thickness,  and  the  extent  of  the 
jry  great.  The  surface  of  the  copper  wire  amounts  to  8,300 
nd  that  of  the  outside  coating  is  four  times  as  much.  The 
only  be  as  great  as  that  of  the  battery,  but  from  the  enormous 
apacity,  and  therefore  the  quantity,  is  very  great.  Thus  the 
eing  detached  from  the  battery,  showed  all  the  actions  of  a 
trie  battery.  These  effects  take  place,  but  to  a  less  extent  with 
the  external  coating  is  here  the  earth,  which  is  so  distant  that 
.  charge  are  very  small. 

e  difficulty  in  submarine  telegraphy.  The  electricity  which 
ulating  wire  must  first  be  used  in  charging  the  large  Leyden 
anstitutes,  and  only  after  this  has  happened  can  the  current 
ant  end  of  the  circuit.  The  current  begins  later  at  the  distant 
ses  sooner.     If  the  electrical  currents  follow  too  rapidly,  an 

current  will  appear  at  the  other  end,  which  indicates  small 

strength,  but  not  with  sufficient  clearness  differences  in  dura- 
ion.  Hence  in  submarine  wires  the  signals  must  be  slowei 
ires  to  obtain  clear  indications.  By  the  use  of  alternating 
t  is,  of  currents  which  are  alternately  positive  and  ne^atw^r— 

N  N  2 
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these  disturbing  influences  may  be  materially  lessened,  and  communication  be 
accelerated  and  made  more  certain,  but  they  can  never  be  entirely  obviated. 
In  the  Atlantic  Cable,  instruments  on  the  principle  of  Thomson's  reflect- 
ing galvanometer  (822)  are  used  for  the  reception  of  signals ;  the  motions 
of  the  spot  of  light  to  the  right  and  left  forming  the  basis  of  the  alphabet. 

892.  Bypbon  recorder. — Sir  W.  Thomson  has  invented  an  extremely 
ingenious  instrument  called  the  syphon  recorder^  by  which  the  very  feeble 
signals  transmitted  through  long  lengths  of  submarine  cables  are  observed 
and  also  recorded. 

Its  construction  is  somewhat  complicated,  but  the  essential  features  are 
as  follows.    A  light  flat  coil  of  insulated  wire,  which  is  connected  with  the 
line  wire,   is  suspended  by  a  bifllar  suspension  between  the 
two  poles  of  a  powerful  horseshoe  magnet.    When  no  current 
passes  its  plane  is  in  the  right  line  joining  the  poles.    WTien 
a  current  is  passed,  this  coil,  becoming  thereby  a  magnet,  is 
deflected  either  to  the  right  or  the  left,  according  to  the  direction 
of  the  current.     It  is,  in  short,  the  reverse  of  the  arrangement 
in  (822),  for  here  the  coil  is  movable  and  the  magnets  fixed; 
there  the  magnet  is  movable,  and  the  coil  fixed. 

A  very  light  capillary  glass  tube,  shaped  as  represented  in 
fig.  787,  dips  with  its  short  end  in  a  reservoir  of  ink,  while  the  other  end  is 
in  front  of  a  paper  ribbon,  which  is  moyed  along  at  a  uniform  rate,  like  a 
ribbon  in  a  Morse's  recorder.  When  this  ink  is  electrified,  it  spurts  out  in  a 
continuous  series  of  fine  drops  against  the  paper,  and  marks  on  it  a  straight 
line  so  long  as  no  current  passes  in  the  coil.  This  syphon  is,  however,  con- 
nected by  a  system  of  silk  threads  with  the  coil,  and  according  as  this  is 
deflected  either  to  the  right  or  the  left  the  end  of  the  syphon  is  deflected 
too,  and  accordingly  traces  a  wavy  line  on  the  paper  which  represents 
deflections  right  or  left  of  the  central  line,  that  are  in  short  the  Morse  signals. 
The  electrification  of  the  ink  is  effected  by  a  small  electrostatic  in- 
duction machine  ;  this  is  worked  by  clockwork,  which  at  the  same  time  pays 
out  the  paper  ribbon. 

893.  Duplex  telegraphy. — By  this  is  meant  a  system  of  telegraphy  by 
which  messages  may  be  simultaneously  sent  in  opposite  directions^  on  one  and 
the  same  wire,  whereby  the  working  capacity  of  a  line  is  practically  doubled. 

Several  plans  have  been  devised  for  accomplishing  this  very  important 
improvement ;  no  more  can  here  be  attempted  than  to  give  a  general  account 
of  the  principle  of  the  method  in  one  case. 

Let  w,  fig.  788,  represent  the  electromagnet  of  a  Morse's  instrument 
which  is  wound  round  with  two  equal  coils  in  opposite  directions  ;  these  coils 
are  represented  by  the  full  and  dotted  lines,  and  one  of  them,  which  may  be 
called  the  line  coil,  is  joined  to  the  line  LL',  which  connects  the  two  stations. 
The  other  coil,  that  represented  by  the  dotted  line,  which  may  be  called  the 
equaling  coil,  is  in  connection  with  the  earth  at  E  by  means  of  an  adjustable 
resistance,  or  artificial  line  R.  By  this  means  the  resistance  of  the  branch 
aRE  may  be  made  equal  to  that  of  the  branch  aL\Ja\  The  battery  ^ 
has  one  pole  to  earth  at  E,  and  the  other  pole,  by  means  of  a  makc-and- 
break  key  c,  can  be  connected  at  a,  where  the  two  oppositely  wound  coils 
bifurcate.    The  back  contact  of  the  key  is  also  connected  with  earth. 
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The  station  at  B  is  arranged  in  a  similar  manner,  as  is  represented  by 
corresponding  letters  with  affixes. 

Now  when  B  depresses  his  key  and  sends  a  current  into  the  line,  inasmuch 
as  the  electromagnet  of  his  instrument  is  wound  with  equal  coils  in  opposite 
directions,  the  armature  is  not  attracted,  for  the  core  is  not  magnetised 
because  the  currents  in  the  two  coils  counteract  one  another.    Thus,  although 


x^y^.x--s>>y.>\<>t«Stti>s>s;  nnV^.-^^^^S^-  .;^.:^^^v^V^!\VW^•.^^A^^'^k^^!<.^'jj  \KW  v*-.  V^WV^vJ 


^3 

0 
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a  current  passes  from  B,  there  is  no  indication  of  it  in  his  own  instrument — 
a  condition  essential  in  all  systems  of  duplex  telegraphy. 

But  with  regard  to  the  effect  on  A,  there  are  two  cases  according  as  he  is 
or  is  not  sending  a  message  at  the  same  time.  If  A's  key  is  not  down,  then 
the  current  will  circulate  round  the  core  of  the  electromagnet  and  will  reach 
the  earth  by  the  path  \^  acYs  \  the  core  will  therefore  become  magnetised, 
the  armature  attracted,  and  a  signal  be  produced  in  the  ordinary  way. 

If,  however,  at  the  moment  at  which  B  has  his  key  down,  A  also  depresses 
his,  then.it  will  be  seen  that,  as  currents  are  sent  in  opposite  directions  from 
both  A  and  B,  they  neutralise  one  another,  no  current  passes  in  the  line 
a  XAJa' :  it  is,  as  it  were,  blocked.  But  though  no  current  passes  in  the  line 
coil,  a  current  does  pass  at  each  station  to  earth,  through  the  equating  coil, 
which  being  no  longer  counterbalanced  by  any  opposite  current  in  the  line 
coil,  magnetises  the  core  of  the  electromagnet,  which  thus  attracts  the  arma- 
ture and  produces  a  signal. 

We  have  here  supposed  that  A  and  B  both  send,  for  instance,  the  same 
currents  to  line  :  the  final  effect  is  not  different  if  they  send  opposite  currents 
at  the  same  time.  For  then,  as  they  neutralise  each  other  in  the  line  LL', 
the  effect  is  the  same  as  if  the  resistance  of  the  line  were  diminished. 
More  electricity  flows  at  line  from  each  station  through  the  line  coil  being 
no  longer  balanced  by  the  equating  coil ;  the  current  of  the  line  coil  prepon- 
derates and  then  works  the  electromagnet. 

Hence  in  both  these  cases,  each  station,  so  to  speak,  produces  the  signal 
which  the  other  one  wishes  to  send. 

Other  methods  of  duplex  telegraphy  are  based  otv  iVve.  ^\\wiv^^  ^\ 
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Wheatstone's  Bridge  (955),  and  on  the  principle  of  leakage  ;  but  for  these, 
as  well  as  for  quadruplex  telegraphy,  special  manuals  must  be  consulted. 

894.  Xartli  ourrents. — In  long  telegraph  circuits  more  or  less  poweriol 
currents  are  produced,  even  when  the  battery  is  not  at  work.  This  arises 
from  a  difference  of  potential  being  established  in  the  earth  at  the  two  places 
between  which  the  conmiunication  is  established.  These  currents  are  some- 
times in  one  direction  and  sometimes  in  another,  and  are  at  times  so  power- 
ful and  irregular  as  quite  to  interfere  with  the  working  of  the  lines.  Lines 
running  NE  and  SW  are  most  frequently  affected;  lines  running  NW 
and  S£  are  less  so,  and  the  currents  are  far  weaker. 

These  currents  do  not  seem  to  be  due  to  atmospheric  electricity,  for  they 
cease  if  a  wire  be  disconnected  at  one  of  its  ends,  and  they  appear  in  under- 
ground wires. 

895.  BalB'B  eleetroobemloal  taleffnipb. — If  a  strip  of  paper  be  soaked 
in  a  solution  of  ferrocyanide  of  potassium  and  be  placed  on  a  metal  surface 
connected  with  the  negative  pole  of  a  battery,  on  touching  the  paper  with  a 
steel  pointer  connected  with  the  positive  pole,  a  blue  mark  due  to  the  forma- 
tion of  some  Prussian  blue  will  be  formed  about  the  iron,  so  long  as  the  current 
passes.  The  first  telegraph  based  on  this  principle  was  invented  by  Bain. 
The  cilphabet  is  the  same  as  Morse's,  but  the  despatch  is  first  composed  at 
the  departure  station  on  a  long  strip  of  ordinary  paper.  It  is  perforated 
successively  by  small  round  elongated  holes,  which  correspond  respec- 
tively to  the  dots  and  marks.  This  strip  of  paper  is  interposed  between  a 
small  metal  wheel  and  a  metal  spring,  both  forming  part  of  the  circuit.  The 
wheel,  in  turning,  carries  with  it  the  paper  strip,  all  parts  of  which  pass 
successively  between  the  wheel  and  the  plate.  If  the  strip  were  not  per- 
forated, it  would,  not  being  a  conductor,  constantly  offer  a  resistance  to  the 
passage  of  the  current ;  but,  in  consequence  of  the  holes,  every  time  one  ot 
them  passes,  there  is  contact  between  the  wheel  and  the  plate.  Thus  the 
current  works  the  relay  of  the  station  to  which  it  is  sent,  and  traces  in  blue, 
on  a  paper  disc,  impregnated  with  ferrocyanide  of  potassium,  the  same  series 
of  points  and  marks  as  those  on  the  perforated  paper. 

896.  The  Boander. — The  sound  produced  when  the  armature  of  the 
electromagnet  in  a  Morse's  instrument  is  attracted  by  the  passage  of  the 
current,  is  so  distinct  and  clear  that  many  telegraph  operators  have  been 
in  the  habit  of  reading  the  messages  by  the  sounds  thus  produced,  and  at 
most  of  checking  their  reading  by  comparison  with  the  signs  produced  on  the 
paper. 

Based  on  this  fact  a  form  of  instrument  invented  in  America  has  come 
into  use  for  the  purpose  of  reading  by  sound.  The  sounder^  as  it  is  called, 
is  essentially  a  small  electromagnet  on  an  ebonite  base, resembling  thereby 
in  fig.  786.  The  armature  is  attached  to  one  end  of  a  lever,  and  is  kept  at 
a  certain  distance  from  the  electromagnet  by  a  spring.  When  the  current 
passes,  the  armature  is  attracted  against  the  electromagnet,  with  a  sharp 
click,  and  when  the  current  ceases  it  is  withdrawn  by  the  spring.  Hence 
the  interval  between  the  sounds  is  of  longer  or  shorter  duration  according 
to  the  will  of  the  sender,  and  thus  in  effect  a  series  of  short  and  long  sounds 
can  be  produced  which  correspond  to  the  dots  and  dashes  of  the  Morse 
alphabet. 


Such  ii 


Electrical  Clocks. 
'.  simple,  easily  adjusted,  and  pottabli 
c  space  ihan  an  ordinary  field-glas- 
use,  especially  for  mililary  telegraph  work. 

897.  MeotrloftlMnuD.—One  fomi  of  these 
fig-  789,     On  a  wooden  board  arranged  vertically 
~  ;  the  line  wire  is  connected  with  the  bind- 

g  screw  m,  with  which  is  also  connected 

e  end  of  the  wire  of  the  electromagnet  ; 

the  other  end  is  connected  with  a  spring  c, 

)  which  is  attached  the  armature  a  ;  this 

again  is  pressed  against  by  a  spring  C,  which 

innected   with  the  binding 
«  from  which  the  wire  leads  to  earth. 
Whenever  the  current  passes,  the 
ire  a  is  attracted,  carrying  with  it  a  hammer 
P,  which  strikes  against  Ihe  bell  T  and  makes 
it  sound.      The  moment    this   takes  place, 
contact  is  broken  between  the  armature  a  and 
the  spring  C,  and  the  current  being  stopped 
the  electromagnet  does  not  act ;  the  spring 
t,  howevor,  in   virtue  of  its  elasticity,  brings 
the  armature  in  contact  with  the  spring  C, 
(be  current  again  passes,  and  so  on  as  long 
as  the  current  continues  to  pass. 

898.  XleotrlcBl      oloolu.  —  Electrical 
clocks  arc  clockwork  machines,  in  which  an 
electromagnet  is  both  the  motor  and  the  regul; 
current  regularly  interrupted,  in  a 


preceding  pa 
M^emech 
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An  electromagnet,  B,  attracts  an  armature  of  soft  iron^  P,  movable  on  a 
pivot,  a.  The  armature  P  transmits  its  oscillating  motion  to  a  lever,  x,  which 
by  means  of  a  ratchet  n^  turns  the  wheel  A.  This,  by  the  pinion,  D,  turns 
the  wheel  C,  which  by  a  series  of  wheels  and  pinions  moves  the  hands.  The 
small  one  marks  the  hours,  the  large  one  the  minutes ;  but  as  the  latter  does 
not  move  regularly,  but  by  sudden  starts  from  second  to  second,  it  follows 
that  it  may  also  be  used  to  indicate  the  seconds. 

It  is  obvious  that  the  regularity  of  the  motion  of  the  hands  depends  on 
the  regularity  of  the  oscillations  of  the  piece  P.  For  this  purpose,  the  oscilla- 
tions of  the  current,  before  passing  into  the  electromagnet  B,  are  regulated 
by  a  standard  clock,  which  itself  has  been  previously  regulated  by  a  seconds 
pendulum.  At  each  oscillation  of  the  pendulum  there  is  an  arrangement  by 
which  it  opens  and  closes  the  current,  and  thus  the  armature  P  beats  seconds 
exactly. 

To  illustrate  the  use  of  these  electrical  clocks,  suppose  that  on  the  railway 
from  London  to  Birmingham  each  station  has  an  electric  clock,  and  that  from 
the  London  station  a  conducting  wire  passes  to  all  the  clocks  on  the  line  as 
far  as  Birmingham.  When  the  current  passes  in  this  wire  all  the  docb 
will  simultaneously  indicate  the  same  hour,  the  same  minute,  and  the  same 
second  ;  for  electricity  takes  an  inappreciable  time  to  go  from  London  to 
Birmingham. 

899.  sieotromaffnetio  maobines. — Numerous  attempts  have  been  made 
to  apply  electromagnetism  as  a  motive  power  in  machinery.  Fig.  792  repre- 
sents an  engine  of  this  kind  constructed  by  Froment.  It  consists  of  four 
powerful  electromagnets,  ABCD,  fixed  on  an  iron  frame,  X.  Between  these 
electromajjnets  is  a  system  of  two  iron  wheels  movable  on  the  same  hori- 
zontal axis,  with  eight  soft  iron  armatures,  M,  on  their  circumference. 

The  current  arrives  at  K,  ascends  in  the  wire  E,  and  reaches  a  metallic 
arc,  O,  which  serves  to  pass  the  current  successively  into  each  electromagnet, 
so  that  the  attractions  exerted  on  the  armatures  M  shall  always  be  in  the 
same  direction.  Now  this  can  only  be  the  case  provided  the  current  is 
broken  in  each  electromagnet  just  when  an  armature  comes  in  front  of  the 
axis  of  the  bobbin.  To  produce  this  interruption  the  arc  O  has  three  branches 
e^  each  terminating  with  a  steel  spring,  to  which  a  small  sheave  is  attached. 
Two  of  these  establish  the  communication  respectively  with  one  electro- 
magnet, and  the  third  with  two.  On  a  central  wheel,  Uy  there  are  cogs,  on 
which  the  sheaves  alternately  rest.  Whenever  one  of  them  rests  on  a  cog, 
the  current  passes  into  the  corresponding  electromagnet,  but  ceases  to  pJiss 
when  there  is  no  longer  contact.  On  emerging  from  the  electromagnets 
the  current  passes  to  the  negative  pole  of  the  battery  by  the  wire  H. 

In  this  manner,  the  armatures  Si  being  successively  attracted  by  the  four 
electromagnets,  the  system  of  wheels  which  carries  them  assumes  a  rapid  rota- 
tory motion,  which  by  the  wheel  P  and  an  endless  band  is  transmitted  to  a 
sheave,  Q,  which  sends  it  finally  to  any  machine,  a  grinding  mill  for  example- 

In  his  workshops  Froment  had  an  electromotive  engine  of  one-horse 
power.  But,  though  an  interesting  application  of  the  transformation  01 
energ>%  there  is  no  expectation  that  these  machines  will  ever  be  practically 
applied  in  manufactures,  for  the  expense  of  the  acids  and  the  zinc  which 
they  use  very  far  exceeds  that  of  the  coal  in  steam-engines  of  the  same  force 
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Thus  a  machine  devised  by  Kravogl  produces  about  17  per  ci 
useful  effect  due  to  the  chemical  combination  of  the  zinc  with  the  acid  in  the 
battery,  and  therefore  in  utilising  this  force  they  are  about  equal  to  the  best 
steam-engines.  But  a  pound  of  coal  yields  7,200  thermal  units,  and  a  pound 
of  tine  only  1,200  (4S4) ;  and  as  zinc  is  ten  times  as  dear  as  coal,  engines 
worked  by  electricity,  independently  of  any  question  as  to  the  ci 
s  sixty  times  as  dear  to  work  as  steam-engines. 


currents,  than 


Fig.  79". 

advantaReous  to  transform  work  into  the  energy  of  elec 
to  transform  the  energy  of  electric  currents  into  work. 

The  enei^  of  the  electrical  current  may  be  compared  with  the  v 
of  a  small  mass  which  moves  with  very  great  velocity. 
undcTsiood  that  at  present  the  most  advantageous  employment  of  electricity  1 
is  to  be  found,  not  so  much  in  the  transformation 

relatively  slow  movement  of  large  masses,  as  in  the  rapid  transmission  of  1 
ft  imali  power  to  great  distances,  as  in  the  electric  telegraph. 
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CHAPTER   VI. 

VOLTAIC  INDUCIION. 

900.  Xnanotloii  br  onrrenW.— We  have  alreHdy  seen  (744)  that  by 
induction  is  meant  the  action  which  electrilied  bodies  exert  at  a  distance 
on  bodies  in  the  natural  state.  Hilherlo  we  have  only  had  to  deal  with 
electroscatical  induction  ;  we  shall  now  see  that  dynamical  electriciiy 
produces  analogous  efTeas. 

Faraday  discovered  this  class  of  phenomena  in  1832,  and  he  gave  the 
name  ol  currents  0/  induction  or  induced  airrents  to  instantaneous  currenis 
developed  in  metallic  conductors  under  the  influence  of  metallic  conducmri 
traversed  by  electric  currents,  or  by  the  influence  of  powerful  mapieis.or 
even  by  the  magnetic  action  of  the  canh  ;  and  the  currenis  which  give  rise 
to  them  he  called  inducing  currents. 

The  inductive  action  of  a  current  at  the  moment  of  opening  or  closing' 
may  be  shown  by  means  of  a  bobbin  with  two  wires.     This  consists  (fig.  793.' 


"'■-yt 


of  a  cylinder  of  \vood  or  of  cardboard,  on  which  a  quantity  of  silk-covered 
No.  16  copper  «irc  is  coiled  ;  on  this  is  coiled  a  considerably  greater  length 
of  fine  copper  wire,  about  No.  35,  also  insulated  by  being  covered  with  silk- 
This  Utter  coil,  which  is  called  the  secondary  coil,  is  connected  by  its  ends 
with  two  binding  screws,  a,  6,  from  which  wires  pass  to  a  galva 
while  the  thicker  wire,  tht  primary  coil,  is  connected  by  i 
two  binding  strews,  c  and  d.  One  of  these,  d.  being  connected  with  one  pok 
of  a  battery,  when  a  wire  from  the  other  pole  is  connected  with  c,  the  cur- 
rent passes  in  the  prima rj- coil,  and  in  this  alone.  The  following  phenomena 
are  then  observed  :— 
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i.  Ai  ihe  moment  at  which  the  thick  wire  is  Iraversed  by  the  current 
galvanometer,  by  the  deflection  of  the  needle,  indicates  the  existence  in  the 
secimdary  coil  of  a  current  inverse  lo  that  in  the  primary  coil,  that  is,  in  the 
contrary  direction  ;  this  is  only  instantaneous,  for  the  needle  immediately 
reverts  to  zero,  and  remains  so  as  long  as  the  inducing  current  passes  through 
cd. 

ii.  At  the  moment  at  which  the  current  is  opened,  that  is,  when  the  wire 
Cf/ ceases  to  be  traversed  by  a  current,  there  is  again  produced  in  the  wire 
ab  an  induced  current  instantaneous  like  the  lirst.  but  ifirect,  that  is,  in 
same  direction  as  the  inducing  current. 

901'  Tradnotloii  of  Indnoed  cnrrDDta  b^  oonUnnmu  onea. —  Induced 
currents  are  also  produced  when  a  primary  coil  traversed  by  a  eurren 
approached  to  or  removed  from  a  secondary  one  ;  this  may  be  shown  by  the 
following  apparatus,  (ig.  794,  in  which  B  is  a  hollow  coil  consisting  of  a 


I 


great  length  of  fine  wire,  and  A  a  coil  consisting  of  a  shorter  and  thicker 
wire,  and  of  such  dimensions  that  it  can  be  placed  in  the  secondary  coil. 
The  coil  A  beinji  traversed  by  a  current,  if  it  is  suddenly  placed  in  the  coil 
B,  a  galvanometer  connected  with  the  latter  indicates  by  the  direction  of  its 
deflection  the  existence  in  it  of  an  inverse  current ;  this  is  only  instantaneous : 
the  needle  rapidly  returns  to  zero,  and  remains  so  as  long  as  the  small 
bobbin  is  in  the  large  one.  If  it  is  rapidly  withdrawn,  the  galvanometer 
shows  thai  the  wire  is  iraversed  by  a  direct  current.  If,  instead  of  rapidly 
introducing  or  replacing  the  primary  coil,  this  is  done  slowly,  the  galvano- 
meter only  indicates  a  weak  current,  and  which  is  the  feebler  the  slower  the 

If,  instead  of  varying  the  distance  of  the  inducing;  current,  its   intensity 
be  varied,  that  is,  either  increased  by  bringing  additional  battery  power  into   ' 
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the  circuit,  or  diminished  by  increasing  the  resistance,  an  induced  current 
is  produced  in  the  secondary  wire,  which  is  inverse  if  the  intensity  of  the 
inducing  current  increases,  and  direct  if  it  diminishes. 

902.  OonditloBs  of  indnetloB.  &aaa's  imw. — From  the  experiments 
which  have  been  described  in  the  previous  paragraphs  the  following  prin- 
ciples may  be  deduced : — 

I.  The  distance  remaining  the  same,  a  continuous  and  constant  current 
does  not  induce  any  current  in  an  adjacent  conductor. 

II.  A  current  at  the  moment  of  being  closed^  produces  in  an  adjacent  con- 
ductor an  inverse  current. 

\\\.  A  current  at  the  motnent  it  ceases,  produces  a  direct  current. 
IW.  A  current  which  is  removed,  or  whose  intensity  diminishes, gives  rise 
to  a  direct  induced  current. 

V.  A  current  which  is  approached,  or  whose  intensity  increases,  gives  rise 
to  an  inverse  induced  current. 

VI.  On  the  induction  produced  between  a  closed  circuit  and  a  current  in 
activity,  when  their  relative  distance  varies,  Lenz  has  based  the  following 
law,  which  is  known  as  Lenses  taw : — 

If  the  relative  position  of  two  conductors  A  and  B  be  changed,  of  which 
A  is  traversed  by  a  current,  a  current  is  induced  in  B  in  such  a  direction 
that  by  its  elect roiiynamic  action  on  the  current  in  A^  it  would  have  imparted 
to  the  co7iductors  a  motion  of  the  contrary  kind  to  that  bywliich  the  inducing 
action  was  produced. 

Thus,  for  instance  in  V.,  when  a  current  is  approached  to  a  conductor,  an 
inverse  current  is  produced  ;  but  two  conductors  traversed  by  currents  in 
opposite  directions,  repel  one  another  according  to  the  received  laws  of 
electrod>Tiamics  (858).  Conversely  when  a  current  is  moved  away  from  a 
conductor,  a  current  of  the  same  direction  is  produced ;  now  two  currents  in 
the  same  direction  attract  one  another. 

On  brinjjing  the  inducing  wire  near  the  induced  as  well  as  in  removing  it 
away,  work  is  required  ;  hence  a  quantity  of  heat  proportional  to  the  work 
consumed  must  result,  as  Edlund's  investigations  have  shown.  On  the 
other  hand,  when  induction  results  from  the  opening  and  closing  of  the  cir- 
cuit (II.  and  III.)  no  work  is  lost,  but  the  inducing  current  loses  as  much 
heat  as  is  produced  in  the  induced  circuit. 

903.  Indactl^e  action  of  tbe  ]Le jden  disotaarire- — Figure  795  represents 
an  apparatus  devised  by  Matteucci,  which  is  very  well  adapted  for  showing 
the  development  of  induced  currents  produced  either  by  the  discharge  of  a 
Leyden  jar  or  by  the  passage  of  a  voltaic  current. 

It  consists  of  two  glass  plates  about  12  inches  in  diameter,  fixed  vertically 
on  the  two  supports  A  and  B.  These  supports  are  on  movable  feet,  and 
can  either  be  approached  or  removed  at  will.  On  the  anterior  face  of  the 
plate  A  are  coiled  about  30  yards  of  copper  wire,  C,  a  millimetre  in  diameter. 
The  two  ends  of  this  wire  pass  through  the  plate,  one  in  the  centre,  the  other 
near  the  edge,  terminating  in  two  binding  screws,  like  those  represented  in 
/;/  and  //,  on  the  plate  H.  To  these  binding  screws  are  attached  two  copper 
wires,  c  and  d^  through  which  the  inducing  current  is  passed. 

On  the  face  of  the  plate  B,  which  is  towards  A,  is  enrolled  a  spiral  of 
finer  copper  wire  than  the  wire  C.     Its  extremities  terminate  in  the  binding 


-904] 


Induction  by  Magnets. 


829 


screws  m  and  n,  on  which  are  fixed  two  wires,  h  and 
ibe  induced  current.  The  two  wires  on  the  plates  an 
siik,  but  each  circuit  is  insulated  from  ihe  next  1 

In  order  to  show  the  production  of  the  induced  t 
of  a  Leyden  jar,  one  end  of  the  wire  C  is  connected  v 
iind  the  other  end  with  ihe  knob  of  the  Leyder 
When  the  spark  passes,  the  electricity  traversing  the  v 
lion  on  the  wire  on  the  plate  B,  and  produc 
in  this  wire,    A  person  holding  two  copper  handles  connected  with  the 
wires  /'  and  h  receives  a  shock,  ihe  intensity  of  which  is  greater  in  pro- 


itended  10  li 

ire  not  only  covered  with 

by  a  thick  layer  of  shellac 

It  by  the  discharge 
with  the  outer  coating, 
s  shown  in  ihe  figure, 
;  C  acts  by  induc- 


ponion  as  the  plates  A  and  B  ar 
frictional  velocity  can  give  rise  1 
electricity. 

The  experiment   may  also  be  made  by  simply  twisting  together  two 
lengths  of  a  few  feel  of  gutta-percha -cove  red  copper  wire.     The  ends  of  one 
length  being  held  in  the  hand,  an  electric  discharge  is  passed  through  the    ^ 
other  length.  I 

The  above  apparatus  can  also  be  used  to  show  the  production  of  induced 
CurrcDts  by  the  influence  of  voltaic  currents.  For  this  purpose  the  current 
of  a  battery  is  passed  through  the  inducing  wire  C,  while  the  ends  of  the 
other  wire,  k  and  i,  are  connected  with  a  galvanometer.  At  the  moment  at 
which  the  current  commences  or  finishes,  or  when  the  distance  of  the  two 


e  observed  a 

5  been  seen  that  the  influ 
a  magnet  can  produc 


conductors  is  varied,  the  same  phenomena  are  observed  as  in  the  case  of  the 
apparatus  represented  in  fig.  793. 

904.  Zndnotion  bj  mKfa«tB>- 
«urrcnl  magnetises  a  steel  bar  ;  in  like  mannera  magnet  can  produce  induced 
ctirrents  in  metal  circuits.  Faraday  showed  this  by 
single  wire  of  300  to  300  yards  in  length.  The  two  ends  of  the  wire  being 
connected  with  a  galvanometer,  as  shown  in  fig.  796,  a  strongly  magnetised 
bar  is  suddenly  inserted  in  the  bobbin,  and  the  following  phenomena  are 
observed ; — 

i.  At  the  moment  at  which  the  magnet  is  introduced,  the  galvanometer 
1  current,  the  direction  of  which  19 
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opposed  to  that  which  circulates  round  the  magnet,  considering  the  latter  ai 
a  solenoid  on  Ampere's  theory  (879). 

ii.  When  the  magnet  is  withdrawn,  the  needle  of  the  galvanometer,  which 
has  returned  to  zero,  indicates  the  existence  of  a  direct  current. 

The  inductive  action  of  magnets  may  also  be  illustrated  by  the  follow- 
ing experiment :  a  bar  of  sof^  iron  is  placed  in  the  above  bobbin  and  a  strong 
magnet  suddenly  brought  in  contact  with  it ;  the  needle  of  the  galvanometer 
is  deflected,  but  returns  to  zero  when  the  magnet  is  stationaiy,  and  is  de- 
flected in  the  opposite  direction  when  it  is  removed.  The  induction  is  here 
produced  by  the  magnetisation  of  the  soft  iron  bar  in  the  interior  of  the 
bobbin  under  the  influence  of  the  magneL 

The  same  inductive  efiects  arc  produced  in  the  wires  of  an  electromagnet, 
if  a  strong  magnet  be  made  to  rotate  rapidly  in  front  of  the  extremities  of 


the  wire  in  such  a  manner  that  its  poles  act  successively  by  influence  on  (lie 
two  branches  of  the  electromagnet ;  or  also  by  forming  two  coils  round  i 
horse-shoe  magnet,  and  passing  a  plate  of  soft  iron  rapidly  in  front  of  the 
poles  of  the  magnet ;  the  soft  iron  becoming  magnetic  reacts  by  influence  on 
the  magnet,  and  induced  currents  are  produced  in  the  wire  alternately  in 
different  directions. 

The  inductive  action  of  magnets  is  a  confirmation  of  Ampere's  theory 
of  magnetism.  For  as,  on  this  theory,  all  magnets  are  solenoids,  all  the 
experiments  which  have  been  mentioned  may  be  explained  by  the  induc- 
tive action  of  currents  which  traverse  the  surface  of  magnets  :  the  induction 
of  magnets  is  in  short  an  induction  of  curi-enls.  And  it  is  a  useful  exercise 
to  sec  how  on  this  view  the  inductive  action  of  magnets  falls  under  Lenrt 
law  (902). 

905.  InductlTe  action  of  miiBiieta  mi  bodleo  In  motion. — Arago  was 
the  first  to  observe,  in  1814,  that  the  number  of  oscillations  which  a  mag- 
netised needle  makes  in  a  given  time,  under  the  influence  of  the  earth's 
magnetism,  is  very  much  lessened  by  the  proximity  of  certain  metalUc 
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masses,  and  especially  of  copper,  which  may  reduce  the  number  in  a  given 
lime  from  300  to  4.  This  observation  led  Arago  in  1825  to  the  discovery  of 
an  equally  unexpected  fact— that  of  the  rotative  action  which  a  plale  of  copper 
in  motion  exercises  on  a  magnet. 

This  phenomenon  may  be  shown  by  means  of  the  apparatus  represented 
in  fig.  797,  Ii  consists  of  a  copper  disc,  M,  movable  about  a  vertical  axis. 
On  this  axis  is  a  sheave,  R,  round  whirh  is  coiled  an  endless  cord,  passing 


also  round  the  sheave  A.  By  turning  this  with  the  hand,  the  disc  M  may 
be  rotated  with  great  rapidity.  Above  the  disc  is  a  glass  plate,  on  which  is 
a  small  pivot  supporting  a  magnetic  needle,  ai.  If  the  disc  be  now  moved 
with  a  stow  and  uniform  velocity, -the  needle  is  deflected  in  the  direction  of 
the  motion,  and  stops  at  an  angle  of  from  30°  to  30°  with  the  direction  of  the 
magnetic  meridian,  according  to  the  velocity  of  the  rotation  of  the  disc 
But  if  this  velocity  increases,  the  needle  is  iiliimately  del^ected  more  than 
90° ;  it  is  then  carried  along,  describes  an  entire  revolution,  and  follows  the 
motion  of  the  disc  until  this  stops. 

Babbagc  and  Herschel  modified  Arago's  experiment  by  causing  a  horse- 
shoe magnet  placed  vertically  to  rotate  below  a  copper  disc  suspended  on 
silk  threads  without  torsion  ;  the  disc  rotated  in  the  same  direction  as  the 
magnets.  The  effect  decreases  with  the  distance  of  the  disc,  and  varies 
with  its  nature.  The  maximum  effect  is  produced  with  metals  ;  with  wood, 
glass,  water,  &c.  it  disappears.  Babbage  and  Herschel  found  that  repre- 
senting this  action  on  copper  at  100,  the  action  on  other  metals  is  as 
follows  ;  line  95,  tin  46,  lead  25,  antimony  g,  bismuth  1.  Lastly,  the  effect 
is  enfeebled  if  there  are  non-conducting  breaks  in  the  disc,  especially  in  the 
direction  of  the  radii ;  but  it  is  the  same  if  these  breaks  are  soldered  with 
any  metal. 

Faraday  made  an  experiment  the  reverse  of  Arago's  first  observation ; 
since  the  presence  of  a  metal  at  rest  stops  the  oscillations  of  a  magnetic 
needle,  the  neighbourhood  of  a  magnet  at  rest  ought  to  stop  the  motion  of  a 
rotating  mass  of  metal.  Faraday  suspended  a  cube  of  copper  to  a  twisted 
thread,  which  was  placed  between  the  poles  of  a  powerful  electromagnet. 
When  the  thread  was  left  to  itself,  it  began  to  spin  round  with  ■^ttaVsii'atvVi.,  ] 
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Fig.  798. 


but  stopped  the  moment  a  powerful  current  passed  through  the  electro- 
magnet. 

Faraday  was  the  first  to  give  an  explanation  of  all  these  phenomena  of 
magnetism  by  rotation.  They  depend  on  the  circumstances  that  a  magnet 
or  a  solenoid  can  induce  currents  in  a  solid  mass  of  metaL  In  the  above  case 
the  magnet  induces  currents  in  the  disc  when  the  latter  is  rotated ;  and  con- 
versely when  the  magnet  is  rotated  while  the  disc  is  primarily  at  rest.  Now 
these  induced  currents  by  their  electrodynamic  action  tend  to  destroy  the 
motion  which  gave  rise  to  them  ;  they  are  simply  illustrations  of  Lenfs  law ; 
they  act  just  in  the  same  way  as  friction  would  do. 

i.  For  instance,  let  AB  (fig.  798)  be  a  needle  oscillating  over  a  copper 
disc,  and  suppose  that  in  one  of  its  oscillations  it  goes  in  the  direction  of  the 

arrows  from  N  to  M.  In  approaching  the  point  M,  for 
instance,  it  develops  there  a  current  in  the  opposite 
direction,  and  which  therefore  repels  it ;  in  moving  away 
from  N  it  produces  currents  which  are  of  the  same  kind, 
and  which  therefore  attract,  and  both  these  actions  con- 
cur in  bringing  it  to  rest. 

ii.  Suppose  the  metallic  mass  turns  from  N  towards 
M,  and  that  the  magnet  is  fixed ;  the  magnet  will  repel 
by  induction  points  such  as  N  which  are  approaching  ^^ 
and  will  attract  M  which  is  moving  away ;  hence  the  motion  of  the  metal 
stops  as  in  Farada>''s  experiment. 

iii.  If  in  Arago's  experiment  the  disc  is  moving  from  N  to  M,  N  ap- 
proaches A  and  repels  it,  while  M  moving  away  attracts  it ;  hence  the 
needle  moves  in  the  same  direction  as  the  disc. 

If  this  explanation  is  true,  all  circumstances  which  favour  induction  will 
increase  the  dynamic  action ;  and  those  which  diminish  the  former  will 
also  lessen  the  latter.  We  know  that  induction  is  greater  in  good  conductors 
and  that  it  does  not  take  place  in  insulating  substances  ;  but  we  have  seen 
that  the  needle  is  moved  with  a  force  which  is  less,  the  less  the  conducting 
power  of  the  disc,  and  it  is  not  moved  when  the  disc  is  of  glass.  Dove  found 
that  there  is  no  induction  on  a  tube  split  lengthwise  in  which  a  coil  is 
introduced. 

In  order  to  bring  the  oscillations  of  the  needle  of  a  galvanometer  more 
quickly  to  rest,  the  wire  is  coiled  upon  a  copper  frame.  Such  an  arrange- 
ment is  called  a  damper^  and  in  practice  it  is  frequently  used. 

The  strength  of  the  induction  currents  is  proportional  to  their  relative 
velocities,  and  therefore  the  amplitudes  of  the  vibration  diminish  accordinj; 
to  the  law  of  a  geometrical  series.  The  greater  the  masses  of  metal  and 
the  more  closely  they  surround  the  magnet,  the  stronger  is  the  damping; 
it  is  approximately  according  to  the  inverse  square  of  the  distance. 

906.  Induction  by  tbe  action  of  the  earth. — Faraday  discovered  that 
terrestrial  magnetism  can  develop  induced  currents  in  metallic  bodies  in 
motion,  acting  like  a  powerful  magnet  placed  in  the  interior  of  the  earth  in 
the  direction  of  the  dipping  needle,  or,  according  to  the  theory  of  Ampere, 
like  a  scries  of  electrical  currents  directed  from  east  to  west  parallel  to  the 
magnetic  equator.  He  first  proved  this  by  placing  a  long  helix  of  coppc 
wire  covered  with  silk  (such  as  A,  fig.  794)  in  the  plane  of  the  magnetic 
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■idian  parallel  to  the  dipping  needle  ;  by  turning  this  helix  1 80'^  about  an 
;  perpendicular  to  its  length  in  its  middle,  he  observed  that  at  each  turn 
dvanometer  connected  with  the  two  ends  of  the  helix  was  defied  ed.  The 
aratus  depicted  in  fig,  799,  and  known  as  DelfxenniA  circle,  serves  for 
rt'ing  the  existence  of  terrestrial  induced  currents.  It  consists  of  a  wooden 
:,  RS,  about  two  feet  in  diameter,  fixed  to  an  axis,  on,  about  which  it  can 
umcd  by  means  of  a  handle,  M.  The  axis  oa  is  itself  fixed  in  a  frame 
,  movable  about  a  horizontal  axis.  By  pointers  fixed  to  these  two  axes 
inclination  towards  the  horizon  of  the  frame  PQ,  and  therefore  of  the  axis 
IS  indicated  on  a  dial,  b,  while  a  second  dial,  i;,  gives  the  angular  displace- 
il  of  the  ring.  This  ring  has  a  groove  in  which  is  coiled  a  large  quantity 
nsulaled  copper  wire.  The  two  ends  of  the  wire  tenninatc  in  a  cemtnu- 
r  analogous  to  that  in  Clarke's  apparatus  (912),  the  object  of  which  is  to 
s  the  current  always  in  the  same  sense,  although  its  direction,  SR,  changes 
ach  semi -revolution  of  the  ring.  On  each  of  the  rings  of  the  commutator 
two  brass  plates,  which  successively  t; 


lart  with  the  galvanometer.  The  axis  eu  being  in  the  magnetic  meridian 
the  ring  RS  at  right  angles  to  the  direction  XY  of  the  dipping  needle,  if  it 
owly  rotated  the  needle  of  the  galvanometer  is  deflected,  and  by  its  de- 
,ion  indicates  in  the  wire  coiled  on  the  ring  an  induced  current  whose 
nsily  increases  until  it  has  been  turned  through  90°  ;  the  deviation  then 
reases,  and  is  lero  when  the  ring  has  made  a  semirevolution.  If  the 
lion  continues,  the  current  reappears,  but  in  a  contrary  direction,  and 
ins  a  second  maximum  at  270°,  becoming  null  again  after  a  complete 
I,  When  the  axis  aa  is  parallel  to  the  dip  there  is  no  current. 
^7.  iBditotlan  of  K  cnrreiit  on  Itaalf.  Sxtr*  onn-Bnt. — If  a  closed 
uit  traversed  by  a  voltaic  current  be  opened,  a  scarcely  perceptible  spark 
btained,  if  the  wire  joining  the  Iwo  poles  be  short.  Further,  if  the  ob- 
er  himself  form  part  of  the  circuit  by  holding  a  pole  in  each  hand,  no 
:k  is  perceived  unless  the  current  is  very  strong.  If,  on  the  contrary, 
mreii  long,  and  especially  if  it  makes  a  great  number  of  tiu-ns  so  as  to 
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form  a  bobbin  with  very  close  folds,  the  spaik,  which  is  inappreciable  when 
the  current  is  closed,  acquires  a  great  intensity  when  it  is  opened,  and  an 
observer  in  the  circuit  receives  a  shock  which  is  the  stronger  the  greater  the 
number  of  turns. 

Faraday  referred  this  strengthening  of  the  current  when  it  is  broken  to 
an  inductive  action  which  the  current  in  each  coil  exerts  upon  the  adjacent 
coils  :  an  action  in  virtue  of  which  there  is  produced  in  the  bobbin  a  direct 
induced  current — that  is,  one  in  the  same  direction  as  the  prindpal  one. 
This  is  known  as  the  extra  current. 

To  show  the  existence  of  this  current,  at  the  moment  of  opening,  Fara- 
day arranged  the  experiment  as  seen  in  fig.  Soa  Two  wires  from  the  poles 
£  £'  of  a  battery  are  connected  with  two  binding  screws,  D  and  F,  with 
which  are  also  connected  the  two  ends  of  a  bobbin,  B,  with  a  long  fine  wire 
which  offers  therefore  a  great  resistance.    On  the  path  of  the  wires  at  the 


Fig.  8oa 

points  A  and  C  are  two  other  wires,  which  are  connected  with  a  galvano- 
meter, G.  Hence  the  current  from  the  pole  E  branches  at  A  into  two  cur- 
rents, one  which  traverses  the  galvanometer,  the  other  the  bobbin,  and  both 
joining  the  negative  pole  E'. 

The  needle  of  the  galvanometer  being  then  deflected  from  G  to  ti'  by  the 
current  which  goes  from  A  to  C,it  is  brought  back  to  zero,  and  kept  thereby 
an  obstacle  which  prevents  it  from  turning  in  the  direction  Grt',  but  leaves  it 
free  in  the  opposite  direction.  On  breaking  contact  at  E,  it  is  seen  that  the 
moment  the  circuit  is  open  the  needle  is  deflected  in  the  direction  G<i; 
showing  a  current  contrary  to  that  which  passed  during  the  existence  of  the 
current — that  is,  showing  the  current  from  C  to  A.  But  the  battery  current 
having  ceased,  the  only  remaining  one  is  the  current  AFBCDA  ;  and  since  in 
the  part  CA  the  current  goes  from  C  to  A,  it  must  traverse  the  entire  circuit 
in  the  direction  AFBDC— that  is,  the  same  as  the  principal  current.  This 
current,  which  thus  appears  when  the  circuit  is  opened,  is  the  extra  current} 
or  current  of  self-induction, 

908.  ZSztra  current  on  opening  and  on  closinff. — The  coils  of  the  spir^ 
act  inductively  on  each  other,  not  merely  on  opening,  but  also  on  closing 
the  current.     Hence,  in  accordance  with  the  general  law  of  induction,  each 
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spiral  acting  on  each  succeeding  one,   induces  a  current  in   the   opposite   1 
direction  to  its  own — that  is,  an  inverse  current :  this,  which  is  the  txtra 
current  on  (losing,  or  the  inuirse  extra  current,  being  of  contrary  directioa 
to  (he  principal  one,  diminishes  its  intensitVi  aJld  lessens  or  suppresses  the 
sparlc  on  closing. 

When,  however,  the  current  is  opened,  each  turn  then  acts  inductively 
on  each  succeeding  one,  producing  a  current  in  the  same  direction  as  its  own 
and  which  therefore  greatly  heightens  the  intensity  of  the  principal  current 
This  is  the  eyrira  current  on  opening,  or  direct  extra  current. 

To  observe  the  direct  extra  current,  the  conductor  on  which  its  efTect  ii 
lo  be  traced  may  be  introduced  into  the  circuit,  by  being  connected  in  any    \ 
suitable  manner  with  the  binding  screws  A  and  C  in  the  place  of  the  galvano-   j 

It  can  thus  be  shown  that  the  direct  extra  current  gives  violent  shocks 
and  bright  sparks,  decomposes  water,  melts  platinum  wires,  and  magnetises 
steel  needles.  Abria  found  that  the  strength  of  the  extra  current  is  about 
072  of  the  principal  current.  The  shock  produced  by  the  current  may 
be  tried  by  attaching  the  ends  of  the  wire  to  two  tiles,  which  are  held  in 
the  hands.  On  moving  the  point  of  one  file  over  the  teeth  of  the  other,  a 
series  of  shocks  is  obtained,  due  to  the  alternate  opening  and  closing  of  the 

The  above  effects  acquire  greater  intensity  when  a  bar  of  soft  iron  is  i 
introduced  into  the  bobbin,  or,  what  is  the  same  thing,  when  the  current  is 
passed  through  the  bobbin  of  an  electromagnet;  and  still  more  is  this  the 
case  if  the  core,  instead  of  being  massive,  consists  of  a  bundle  of  straight 
wires.  Faraday  explained  this  strengthening  action  of  soft  Iron  as  follows  : 
]f  inside  the  spiral  there  is  an  iron  bar,  on  opening  the  circuit  when  the 
principal  current  disappears,  the  magnetism  which  it  evokes  in  the  bar 
disappears  too  ;  but  the  disappearance  of  this  magnetism  acts  like  the  dis- 
appearance of  the  electrical  current,  and  the  disappearing  magnetism  in- 
duces a  current  in  the  same  direction  as  the  disappearing  principal  cu 
the  efTect  of  which  is  thus  heightened. 

In  the  experiments  just  described  the  effects  of  the  t 
accompany  [hose  of  the  principal  current.  Edlund  has  devised  an  in- 
genious arrangement  of  apparatus  by  which  the  action  of  the  principal  cur- 
rent an  the  measuring  instruments  can  be  completely  avoided,  so  thai  only 
that  of  the  extra  current  remains.  In  this  way  he  has  arrived  at  the  follow- 
ing laws  :— 

i.  The  intensity  tif  the  currents  used  being  the  same,  the  extra  currents 
ffbttuHtd  on  opening  and  closing  have  the  same  electromotive  fori 

ii.   The  electromotive  force  of  tlie  extra  current  is  proportional  lo  tht   ( 
intensity  of  the  primary  current. 

909.  ladnoedonTTentsofatSereDtardeTar—Spite  of  their  instantaneous 
character,  induced  currents  can  themselves,  by  their  action  on  closed  circuits,    ' 
give  rise  to  new  induced  currents,  these  again  to  others,  and  soon,  producing   ] 
induced  currents  of  different  orders. 

These  currents,  discovered  by  Henry,  may  be  obtained  by  c 
act  on  each  other  a  series  of  bobbins,  each  formed  of  a  copper  wire  covered 
jjjg^lk^m^piled  spirally  in  one  ptaoj^  "" 
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fig"  795'  The  currents  thus  produced  are  alternately  in  opposite  direc- 
tions, and  their  intensity  decreases  in  proportion  as  they  are  of  a  higher 
order. 

910.  Properties  of  Induced  currents. — Notwithstanding  their  instan- 
taneous character,  it  appears  from  the  preceding  experiments  that  induced 
currents  have  all  the  properties  of  ordinary  currents.  They  produce  violent 
physiological,  luminous,  calorific,  and  chemical  effects,  and  finally  give  rise 
to  new  induced  currents.  They  also  deflect  the  magnetic  needle  and  mag- 
netise steel  bars  when  they  are  passed  through  a  copper  wire  coiled  in  a 
helix  round  the  bars. 

The  intensity  of  the  shock  produced  by  induced  currents  renders  their 
effects  comparable  to  those  of  electricity  at  high  potential. 

The  direct  induced  current  and  the  inverse  induced  current  have  been 
compared  as  to  three  of  their  actions  :  the  violence  of  the  shock,  the  deflec- 
tion of  the  galvanometer,  and  the  magnetising  action  on  steel  bars.  In  these 
respects  they  differ  greatly  :  they  are  about  equal  in  their  action  on  the  gal- 
vanometer ;  but  while  the  shock  of  the  direct  current  is  very  powerful,  that 
of  the  inverse  current  is  scarcely  perceptible.  The  same  difference  prevails 
with  reference  to  the  magnetising  force.  The  direct  current  magnetises  to 
saturation,  while  the  inverse  current  does  not  magnetise. 

911.  Magneto-electrical  apparatus. — After  the  discovery  of  magneto- 
electrical  induction,  several  attempts  were  made  to  produce  an  uninterrupted 
series  of  sparks  by  means  of  a  magnet.  Apparatus  for  this  purpose  were 
devised  by  Pixii  and  Ritchie,  and  subsequently  by  Saxton,  Ettingshausen, 
and  Clarke.  Fig.  802  represents  that  invented  by  Clarke.  It  consists  of 
a  powerful  horse-shoe  magnetic  batter)',  A,  fixed  against  a  vertical  wooden 
support.  In  front  of  this  are  two  bobbins,  B  B',  movable  round  a  hori- 
zontal axis.  These  bobbins  are  coiled  on  two  cylinders  of  soft  iron  joined 
at  one  end  by  a  plate  of  soft  iron,  V,  and  at  the  other  by  a  similar  plate 
of  brass.  These  two  plates  are  fixed  on  a  copper  axis,  terminated  at 
one  end  by  a  commutator,  qi^  and  at  the  other  by  a  pulley,  which  is  moved 
by  an  endless  band  passing  round  a  large  wheel,  which  is  turned  by  a 
handle. 

Each  bobbin  consists  of  about  1,500  turns  of  very  fine  copper  wire 
covered  with  silk.  One  end  of  the  wire  of  the  bobbin  B  is  connected  on 
the  axis  of  rotation  with  one  end  of  the  wire  of  the  bobbin  B',  and  the  two 
other  ends  of  these  wires  terminate  in  a  copper  ferrule  or  washer,  ^,  which 
is  fixed  to  the  axis,  but  is  insulated  by  a  cylindrical  envelope  of  ivory.  In 
order  that  in  each  wire  the  induced  current  may  be  in  the  same  direction,  it 
is  coiled  on  the  two  bobbins  in  different  directions— that  is,  one  is  right- 
handed,  the  other  left-handed. 

When  now  the  electromagnet  turns,  its  two  branches  become  alternately 
magnetised  in  contrary'  directions  under  the  influence  of  the  magnet  A,  and 
in  each  wire  an  induced  current  is  produced,  the  direction  of  which  changes 
at  each  half-turn. 

Let  us  follow  one  of  the  bobbins — B,  for  instance — while  it  makes  a  com- 
plete revolution  in  front  of  the  poles  a  and  b  of  the  magnet ;  calling  the 
poles  of  the  electromagnet  successively  a'  and  b'.  Let  us  further  consider 
the  latter  when  it  passes  \w  front  of  the  north  pole  of  the  magnetic  battery 
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(fig.  802).    The  iron  has  then  a  south  pole  in  which,  as  we  know,  the  Am- 
p^rian  currents  move  like  the  hands  of  a  watch.     The  contrary  si 
represented  in  fig,  802,  but  it  must  be  remembered  that  the  bobbins  are 
seen  here  as  ihey  are  in  fig.  Sol  ;  and  hence,  when  viewed  at  the  end  which 


faces  the  magnet,  the  Ampf^rian  currents  seem  to  tuin  like  th< 
watch.  These  currents  act  inductively  on  the  wire  of  the  bobbin,  producing 
a  current  in  the  same  direction  (902,  iii.)  for  the  bobbin  moves  away  from 
the  pole  a,  its  soft  iron  is  demagnetised,  and  the  Ampirian  currents  cease. 
The  intensity  of  the  induced  current  in  the  bobbin  decreases,  until  the 
right  line  joining  the  axes  of  the  two  bobbins  is  perpendicular  to  thai  which 
joins  the  poles  a  and  b  of  the  bar.  There  is  now  no  magnetism  in  the  bar, 
but  quickly  approaching  the  pole  b,  its  soft  iron  is  then  magnetised  in  the 
opposite  direction— that  is,  becomes  a  north  pole  (fig.  804).  The  Amp^rian 
currents  arc  then  in  the  direction  of  the  arrow  n';  and  as  they  are  com- 
mencing, they  develop  in  the  wire  of  the  bobbin  an  inverse  current  (901) 
which  is  in  the  same  direction  as  that  developed  in  the  first  ([uarter  of  the 
revolution.  Moreover,  this  second  current  adds  itself  to  the  first  ;  for  while 
the  bobbin  moves  away  from  o,  it  approaches  b.  Hence,  during  the  lower 
half-revolution  from  ,t  to  b,  the  wire  was  successively  traversed  by  two 
induced  currents  in  the  same  direction,  and  if  the  rotatory  motion  is  suffi- 
ciently rapid,  we  might  admit  during  [his  half-re  volution  the  existence  of  a 
single  current  of  ihc  wire. 
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The  same  reasoning  applied  to  the  figures  805  and  S06  will  show  that 
during  the  upper  half-revolution  the  wire  of  the  bobbin  B  is  stiU  tnvcned  bjr 
a  single  current,  but  in  the  opposite  direction  to  that  of  the  lower  half-revo- 
lution. What  has  been  said  about  the  bobbin  B  applies  obviously  to  the 
bobbin  B' ;  yet,  as  one  of  these  is  right-handed  and  the  other  left-handed, 
the  currents  are  constantly  in  the  same  direction  in  the  two  bobbins  during 
each  upper  or  lower  half-revolution.    At  each  successive  half-revolution  they 
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both  change,  but  .ire  in  the  same  direction  as  regards  each  other ;  the  tetm 
direction  having  here  reference  to  figs.  803-806. 

9(2.  C<uDmDta,tor. — The  object  of  this  apparatus  (fig.  807),  of  which  6g- 
808  is  a  section,  is  to  bring  the  two  alternating  currents  always  in  the  same 
direction.  It  consists  of  an  insulating  cylinder  of  ivory  or  ebony,  ],  in  the 
axis  of  which  is  a  copper  cylinder,  k,  of  smaller  diameter,  fixed  to  the  arma- 
ture V,  and  turning  with  the  bobbins.  On  the  ivory  cylinder  is  first  a  brass 
ferrule,  y,  and  in  front  of  it  two  half-femi!cs,  o  and  o' ,  also  of  brass  and 
completely  insulated  from  one  another.  The  half-ferrule  0  is  connerted  widi 
the  ferrule  ^  by  a  tongue,  .V.  On  the  sidesof  a  block  ofwood,  M,thereare 
tivo  brass  plates,  ni,  n,  on  which  arc  screwed  two  elastic  springs,  b  and  c, 
which  press  successively  on  the  half-ferrules  o  and  o',  when  rotation  takes 
place. 

We  have  already  seen  that  the  two  ends  of  tlic  wire  of  the  bobbin,  those 
in  the  same  direction  with  respect  to  the  currents  passing  through  them  at 
any  time,  which  \vil\  be  iouTid  lo  ht  those  farthest  away  from  the  armature 
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1  the  metallic  axis  6,  and  iherefore  on  Ehe  half-ferrule  o' ; 
while  the  other  two  ends,  both  in  the  same  direction  with  respect  to  the 
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current,  are  joined  to  the  ferrule  f,  and  therefore  to  the  half-ferrule 
It    follows  that    the  pieces  oo'  are  always  poles  of  alternating  c 
which  are  developed  in  the 
bobbins  :  and,  as  these  are 
alternately  in  contrary  direc- 
tions, the  pieces  a  and  n' 
Are  alternately  positive  and 
negative.     Now,  taking  the 
case  in  which  the  half-ferrule 
0'  is   positive,  the  current 
descends  by  the  spring  ^, 
follows  the  plate  »i,  arrives 
M  M  by  the  Joining  wire  fi, 
ascends  in  c,  and  is  dosed 
lly  contact  with  the  piece  a  ; 
'then  when,  in  consequence 
■«f  rotation,  o  takes  the  place  of  a',  the  current  retains  the  same  direction  ; 
fcr,  as  it  is  then  reversed  in  the  bobbins,  o  has  become  positive  and  o' 
negative,  and  so  forth  as  long  as  the  bobbin  is  turned. 

With  the  two  springs  *  and  c  alone,  the  opposite  currents  from  the  two 
pieces  o  and  n'  could  not  unite  when  m  and  n  are  not  joined  ;  this  is  effected 
l»y  means  of  a  third  spring,  a  (fig.  810),  and  of  two  appendices, »,  only  one  of 
^vhich  is  visible  in  the  figure.  These  two  pieces  are  insulated  from  one 
another  on  an  ivory  cylinder,  but  communicate  respectively  with  the  pieces 
*  and  o'.    As  often  as  the  spring  ri  touches  one  of  these  pieces  it  ' 


$40 


Dynamical  Electricity. 


[9U- 


wilh  the  spring  b,  and  the  current  is  closed,  for  it  passes  from  4  to  a,  and 
then  reaches  the  spring  c  by  the  plate  «.  On  the  contrary,  as  long  as  the 
spring  a  does  not  touch  one  of  these  appendices  the  current  is  broken. 

For  physiological  effects  the  use  of  ihe  spring  a  greatly  increases  the 
intensity  of  the  shocks.  For  this  purpose  two  long  spirals  of  copper  wire 
w-ith  handles, /and  p',  are  fixed  at  n  and  m.  Holding  the  handles  in  the 
hands,  so  long  as  the  spring  a  does  not  touch  the  appendices  i,  the  current 
passes  through  the  body  of  the  experimenter,  but  without  appreciable  effect; 
while  each  time  that  the  plate  a  touches  one  of  the  appendices  /,  the  current, 
as  we  have  seen  above,  is  closed  by  the  pieces  b,  a,  and  f,  and  ceasing  then 
to  pass  through  the  wires  np,  mp',  there  is  produced  in  this  and  through  the 
body  a  direct  extra  current  which  causes  a  violent  shock. 

This  is  renewed  at  each  half-turn  of  the  electramagnet,  and  its  intensiij' 
increases  with  the  velocity  of  the  rotation.  The  muscles  contract  with  sudi 
force  that  they  do  not  obey  the  will,  and  the  two  hands  cannot  be  detached. 
With  an  apparatus  of  large  dimen- 
sions a  continuance  of  the  shock 
is  unendurable. 

All  the  effects  of  voltaic  cur- 
rents may  be  produced  by  the  in- 
duced current  of  Clarke's  machine. 
Fig.  Sol  shows  how  the  appatatns 
s  to  be  arranged  for  the  decom- 
.'  position  of  water.  The  spring  'i 
' ;  suppressed,  the  current  being 
Kig.  Boi).  Fig.  Bio.  closed  by  the  two  wires  which  re- 

present the  electrodes. 
For  physiolouical  and  chemical  effects  the  wire  rolled  on  the  bobbins  \& 
fine,  and  each  about  500  or  600  yards  in  length.  For  heating  effects,  on  the 
cnntrar)',  the  wire  is  thick,  and  there  are  about  z;  103;  yards  on  each  bobbin. 
Figs.  R09  and  8 10  represent  the  arrangement  of  the  bobbins  and  the  coni' 
mutator  in  each  case.  The  first  represents  the  inflammation  of  ether,  and 
the  second  the  incandesce'ncc  of  a  metallic  wire,  o,  in  which  the  current  from 
the  plate  a,  to  the  plate  c,  always  passes  in  the  same  direction. 

Pixii's  and  Saxton's  electromagnetic  machine  differs  from  Clarke's  in 
having  the  electromagnet  fixed  while  the  magnet  rotates, 

Whcatstone  devised  a  compendious  form  of  the  magneto-electriol 
machine,  fur  Ihe  purpose  of  using  the  induced  spark  in  firing  mines  [794). 

Brcgucl's  apparatus  for  the  same  purpose  consists  of  a  powerful  hone- 
shoe  magnetic  battery,  to  the  ends  of  which  are  screwed  soft  iron  cores, 
round  which  are  coils  of  fine  wires  ;  to  these  are  connected  the  wires  leading 
to  the  mine  to  be  fired.  The  ends  of  the  soft  cores  are  connected  by  a 
soft  iron  keeper;  and  when,  by  a  suitable  mechanism,  this  is  suddenly 
detached  from  the  cores,  a  powerful  momentary  induction  current  is  pro- 
duced in  the  bobbins,  which  is  sufficient  to  fire  more  than  one  fiise,  througti 
even  a  considerable  length  of  wire. 

913.  aCksneto-eleotrloKl  mac&lnc. — The  principle  of  Clarke's  appaiatu 
has  received  in  the  last  few  years  a  remarkable  extension  in  large  magneto- 
electrical  machines,  by  means  of  which  mechanical  work  is  transformed  into 
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powerful  electric  currents  by  Ihe  inductive  action  of  magnets  on  coils  in 


The  lirst  macliine  of  this  kind  was  invented  by  Nollet,  in  Brussels,  in 
1850.  Il  consists  ifie.  Sill  of  a  cast-iron  frame,  |;1  feel  in  hcif!lil,on  the 
circumfcr.-nri.-  nf  ivliu  li   .:l''Iii   -i-rlr'-.  -if    die   iiiunTfiil   lin[-''-tu'c  magnetic 


baticries,  A,  A,  A,  are  a.rranged  in  a  parallel  order  uii  ivoudeii  cross-pieces. 
These  batteries,  each  of  which  can  support  from  txo  10  130  pounds,  arc  so 
arranged  that  if  they  are  considered  eirher  parallel  to  the  axis  of  the  frame, 
or  io  a  plane  perpendicular  to  this  axis,  opposite  poles  always  face  one 
another.  In  each  series  the  outside  batteries  consist  of  three  magnetised 
plates,  while  the  three  middle  ones  have  six  plates,  because  they  act  by  both 
faces,  while  the  tirsi  only  acts  by  one. 

On  a  horizontal   iron  avis  going  from  one  end  to  the  o\.UtT  ol  ■&.«.  ^^'iKNfc 
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four  bronze  wheels  are  fixed,  each  corfespondmg  to  the  intervals  betweeo 
the  mag[netic  batteries  of  two  vertical  series.  There  are  l6  coils  on  the 
circumference  of  each  of  these— that  is,  as  many  as  there  arc  magnetic 
poles  in  each  vertical  series  of  magnets.  These  coils,  represented  in  fig.  813, 
differ  from  those  of  Clarke's  apparatus  in  having  1 2  wires,  each  1 1  \  yards 
in  length,  instead  of  a  single  wire,  by  which  the  resistance  is  diminished. 
The  wires  of  these  coils  are  insulated  by  means  of  bitumen  dissolved  in 
oil  of  turpentine.  They  are  not  wound  upon  solid  cylinders  of  iron,  but 
on  iron  tubes,  split  longitudinally  ;  this  device  renders  the  magnetisation 
and  demagnetisation  more  rapid  when  the  coils  pass  in  front  of  the  poles 
of  the  magnet.  Further,  the  discs  of  copper  which  tenninate  the  coils  are 
slit  in  the  direction  of  the  radius,  in  order  to  prevent  the  formation 
of  induced  currents  in  these  discs.  The  four  wheels  being  respectively 
provided  with  16  coils  each,  there  are  altogether  64  coils  arranged  in 
16  horizontal  series  of  four,  as  seen  at  D,  on  the  left  of  the  frame.  The 
length  of  the  wire  on  each  coil  being  t2  times  11^  yards,  or  138  yards, 
the  total  length  in  the  whole  apparatus  is  64  times  138  yards,  or  8,832  j-aitis. 
The  wires  are  wound  on  all  the  coils  in  the  same  direction ;  and  noi 
only  on  ihe  same  wheel,  but  on  all  four,  all  wires  are  connected  with  one 
another.     For  this  purpose  the  bobbins  are  joined,  as  shown  in  fig.  812  ;  on 


the  first  wheel  the  twelve  wires  of  the  first  coil,  x,  are  connected  on  a 
piece  of  mahogany  fixed  on  the  front  face  of  the  wheel  with  a  plate  of  copper, 
m,  connected  by  a  wire,  O,  with  the  centre  of  the  axis  which  supports  tht 
wheels.  At  the  other  end,  on  the  other  face  of  the  wheel,  the  same  wirts 
are  soldered  to  a  plate  indicated  by  a  doited  line  which  connects  them  uitli 
thecoilj';  from  this  they  arc  connected  with  the  coil  ::  by  a  plate /,  and 
so  on  for  the  coils  I,  11,  .  .  .  up  to  the  last,  v.  The  wires  of  this  coil 
terminate  in  a  plate  «,  ivhich  traverses  the  first  wheel,  and  is  soldered  to  the 
wires  of  the  first  cuil  of  the  next  wheel,  on  which  the  same  series  of  con- 
nections is  repeated  ;  these  wires  pass  to  the  third  wheel,  thence  to  the 
fourth,  and  so  on  to  the  end  of  the  axis. 

The  coils  being  thus  arranged,  one  after  another  like  the  elements  erf 
4  battery  connected  in  a  series  (82  5),  the  electricity  is  of  high  potential  But 
they  may  also  be  arranged  by  connecting  the  plates  alternately,  not  with 
each  olhcr,  but  with  two  metal  rings  in  such  a  manner  that  all  the  ends  of 
the  same  name  are  connected  with  the  same  ring.  Each  of  these  rings  is 
then  a  pole,  and  this  arrangement  may  be  used  where  a  high  degree  of  po- 
tential is  not  retiuned. 
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From  these  explanations  it  will  be  easy  to  understand  the  manner  in 
which  electricity  is  produced  and  propagated  in  this  apparatus.  An  endless 
band,  receiving  its  motion  from  a  steam-engine,  passes  round  a  pulley  fixed 
at  the  end  of  the  axis  which  supports  the  wheels  and  the  coils,  and  moves 
the  whole  system  with  any  desired  rapidity.  Experience  has  shown  that  to 
obtain  the  greatest  degree  of  light,  the  most  suitable  velocity  is  2:^^  revolu- 
tions in  a  minute.  During  this  rotation,  if  we  at  first  consider  a  single 
coil,  the  tube  of  soft  iron  on  which  it  is  coiled,  in  passing  in  front  of  the 
poles  of  the  magnet,  undergoes  at  its  two  ends  an  opposite  induction,  the 
effects  of  which  are  added,  but  change  from  one  pole  to  another.  As  these 
tubes,  during  one  rotation,  pass  successively  in  front  of  sixteen  poles 
alternately  of  different  names,  they  are  magnetised  eight  times  in  one  di- 
rection, and  eight  times  in  the  opposite  direction.  In  the  same  time  there 
are  thus  produced  in  the  bobbin  eight  direct  induced  currents  and  eight 
inverse  induced  currents  ;  in  all,  sixteen  currents  in  each  revolution.  With 
a  velocity  of  235  turns  in  a  minute,  the  number  of  currents  in  the  same  time 
is  235  X  16 « 3,760  alternately  in  opposite  directions.  The  same  phe- 
nomenon is  produced  with  each  of  the  64  coils  ;  but  as  they  are  all  wound 
in  the  same  direction,  and  are  connected  with  each  other,  their  effects 
accumulate,  and  there  is  the  same  number  of  currents,  but  they  are  more 
intense. 

To  utilise  these  currents  in  producing  the  electric  light,  the  connec- 
tions are  made  as  shown  in  fig.  814.  On  the  posterior  side  the  last 
coil,  x^y  of  the  fourth  wheel  terminates  by  a  wire,  G,  on  the  axis  MN, 
which   supports  the  wheels  :    the  current  thus   passes  to  the  axis,  and 


Fig.  814. 

thence  over  all  the  machine,  so  that  it  can  be  taken  from  any  desired  point. 
In  the  front  the  first  coil,  ;r,  of  the  first  wheel  communicates,  by  the  wire 
O,  not  with  the  axis  itself  but  with  a  steel  cylinder,  r,  fitted  in  the  axis,  from 
which,  however,  it  is  insulated  by  an  ivory  collar.  The  screw  ^,  to  which 
the  wire  O  is  attached,  is  likewise  insulated  by  a  piece  of  ivory.  From  the 
cylinder  c  the  current  passes  to  a  fixed  metallic  piece,  K,  from  which  it 
passes  to  the  wire  H,  which  transmits  it  to  the  binding  screw  a  of  fig.  811. 
The  binding  screw  b  communicates  with  the  framework,  and  therefore  with 
the  wire  of  the  last  coil  x^  (fig.  814).  From  the  two  binding  screws  a 
and  b  the  current  passes  by  two  copper  wires  to  two  charcoals,  the  dis- 
tance of  which  is  regulated  by  means  of  an  apparatus  analogous  in  principle 
to  that  already  described  (835). 

o  o  2 
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In  this  machine  the  currents  are  not  rectified  so  as  to  be  in  the  same 
direction — it  produces  alternate  currents  ;  hence  each  carbon  is  alternately 
positive  and  negative,  and  in  fact  they  are  consumed  i^inth  equal  rapidity. 
When  these  currents  are  applied  to  produce  the  electric  light,  it  is  not 
necessary  they  should  be  in  the  same  direction  if  a  suitable  lamp  be  used ; 
but  when  they  are  to  be  used  for  electro-metallurgy,  or  for  magnetising,  they 
must  be  rectified,  which  is  effected  by  means  of  a  suitable  commutator. 

This  type  of  machine  may  claim  a  description  here  as  that  by  which 
magneto-electrical  currents  were  first  applied  on  a  large  scale  for  technical 
purposes.  Such  machines  are,  however,  being  superseded  by  various  forms 
of  dynamo  machines,  which  for  the  same  power  are  simpler,  less  costly,  and 
occupy  a  smaller  space.  Of  the  newer  forms  of  magneto-electrical  machine 
that  of  Meritens  gives  the  best  results. 

914.  Blemeos'  armatiire. — Dr.  Siemens  devised  a  cylindrical  armature 
for  magneto-electrical  machines,  in  which  the  insulated  wire  is  wound  length- 
wise on  the  core,  instead  of  transversely,  as  is  usually  the  case. 

It  consists  of  a  soft  iron  rod  or  cylinder,  AR  (fig.  815),  from  one  foot  to 
three  feet  in  length.    A  deep  groove  is  cut  in  this  cylinder  and  on  the  ends, 


Fig.  815. 

in  which  is  coiled  the  insulated  wire,  as  shown  in  section  in  fig.  817.  To 
the  two  ends  of  the  cylinder,  brass  discs,  E  and  D,  are  secured.  With  E 
is  connected  a  commutator  C,  consisting  of  two  pieces  of  steel  insulated  from 
each  other,  and  connected  respectively  with  the  two  ends  of  the  wire.  On 
the  other  disc  is  a  pulley  /,  round  which  passes  a  cord,  so  that  the  bobbin 
moves  very  rapidly  on  the  two  pivots. 

When  a  voltaic  current  circulates  in  the  wire,  the  two  cylindrical  seg- 
ments A  and  B  are  immediately  magnetised,  one  with  one  polarity  and  the 
other  with  the  opposite.  On  the  other  hand,  if,  instead  of  passing  a  voltaic 
current  through  the  wire  of  the  bobbin,  the  bobbin  itself  be  made  to  rotate 
rapidly  between  the  opposite  poles  of  magnetised  masses,  as  the  segments 
A  and  B  become  alternately  magnetised  and  demagnetised,  their  induction 
produces  in  the  wire  a  series  of  currents  alternately  positive  and  negative, 
as  in  Clarke's  apparatus  (910).  When  these  currents  are  collected  in  a  com- 
mutator which  adjusts  them — that  is,  sends  all  the  positive  currents  on  one 
spring  and  all  the  negative  on  another — these  springs  become  electrodes, 
from  one  of  which  positive  electricity  starts,  and  from  the  other  negative.  If 
these  springs  are  connected  by  a  conductor,  the  same  effects  are  obtained  as 
when  the  two  poles  of  a  battery  are  united. 

This  armature  has  the  great  advantage  that  a  large  number  of  com- 
paratively small  magnets  may  be  used  instead  of  one  large  one.  As,  weight 
for  weight,  the  former  possesses  greater  magnetic  force  than  the  latter,  they 
can  be  made  more  ecoi\om\caUY.    And  as  the  armature  is  enclosed  by  and 
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n  of  (he  Held  in  its  greatest 


is  very  near  the  magnets,  it  expenenees  the  •\ 
strength. 

915.  irud'a  mBinato-eleotrleBl  mBotalnB.^  Mr.  Wild  constructed  a 
magneto-electrical  machine  in  which  Siemens  armature  is  used  along  with 
a  new  principle — Ihal  of  the  inultiphcation  of  the  curreni.     Instead  of  uti- 


Mr.  Wild    I 
electromagnet,  and  by  ihe  induction  of  this  latter  a 
energetic  curreni  is  obtained  ;  the  electromagnet  thus  excited  plays  the 
part  of  the  permanent  magnets,  but  is  more  powerful. 

This  machine  consists  first  of  a  baliery  of  12  to  16  magnets,  P  (fig.  &i6\» 
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eacb  of  which  weighs  about  3  pounds,  and  can  support  about  30  poiinda. 
Between  the  fioles  of  the  magnets  two  soft  iron  keepers,  C  C,  are  anangeit 
separated  by  a  brass  plate  O.  These  three  pieces  are  joined  by  bolts,  and 
the  whole  compound  keeper  is  perforated  longitudinally  by  a  cylindrical 
cavity,  in  which  works  a  Siemens'  armature,  n,  about  3  inches  in  diameter. 
The  wire  of  this  armature  terminates  in  a  commutator,  which  leads  the 
positive  and  negative  currents  to  two  binding  screws,  a  and  b.  This  com- 
mutator is  represented  on  a  larger  scale  in  lig.  818.  At  the  other  end  is  ■ 
pulley  by  which  the  armature  can  be  turned  at  the  rate  of  25  turns  in  ■ 
second.    The  wire  on  the  armature  is  20  yards  long. 

Below  the  support  for  the  magnets  and  their  armatures  are  two  large 
electromagnets,  U  B,  which  are  called  ^^  field  magneti,  since  to  them  is  due 
the  production  of  the  magnetic  field.  Each  consists  of  a  rectangular  soft 
iron  plaie,  36  inches  in  length  by  26  in  breadth  and  i^  inch  thick,  on  whicb 
are  coiled  about  1,600  feet  of  insulated  copper  wire.  The  wires  of  these 
electromagnets  are  joined  at  one  end,  so  as  to  form  a  sii^le  circuit  of  3,200 
feet.  One  of  the  other  ends  is  connected  with  the  binding  screw  a,  and  dw 
other  with  b.  At  the  top  the  two  plates  are  joined  by  a  transverse  plate  of 
iron  so  as  to  form  a  single  electromagnet. 

At  the  bottom  of  the  electromagnets  B  B  are  two  iron  armatures,  sepaiattd 
by  a  brass  plate  O,  and  in  Ihe  entire  length  is  a  cylindrical  channel  in  whicli 
works  a  Siemens'  armature  >ii  as  above :  this  armature,  however,  is  above  a 
yard  in  length,  nearly  6  inches  in  diameter,  and  its  wire  is  100  feet  long. 
The  ends  are  connected  with  a  commutator,  from  which  the  adjusted  cur- 
rents pass  to  two  wires,  r  and  s.     The  armature  »/  is  rotated  at  the  rateof 


Fig.  817  sho' 


coil  cfihe 


i  C  C,  and  of  the  plates  A  A,  on  which  the  wire  of  the  elecito- 
mni,'nets  H  U  is  coiled. 

These  details  being  premised,  the  following  is  the  working  of  the 
machine  : — When  the  armatures  «  and  nt  are  rotated  by  means  of  a  steam- 
engine  with  the  velocity  mentioned,  ihe  magnets  produce  in  the  first  anna- 
ture  induced  currents,  which,  adjusted  by  the  commutator,  pass  into  ih' 
etectromagnel  B  B,  and  magnetise  it.  But  as  these  impart  to  the  lower 
5  C  C  opposite  polarities,  the  induction  of  these  latter  produces  io 


s  of  positive  and  negative  currents  lar  more  powerfiil 
ihan  those  of  the  upperartnature  ;  so  ihat  when  these  are  adjusted  by 
mutator  and  directed  by  the  wires  r  and  s,  very  powerfiil  effects  are  obtained. 

These  effects  are  still  further  intensified  if,  as  Mr.  Wild  has  done,  the 
adjusted  current  of  the  armature  m  is  passed  into  a  second  electro- magnet, 
whose  armatures  surround  a  third  and  larger  Siemens'  armature  turning  with 
the  two  others.  Mr.  Wild  thus  produced  currents  of  a  strength  far  exceeding 
anything  which  up  to  that  time  had  been  attained  ;  he  was  able,  for  instance, 
to  melt  easily  an  iron  wire  a  foot  long  and  more  than  o'2  inch  in  diameter. 

916.  nyuuno-eteotrloal  maoblnes. — A  great  advance  was  made  by  the 
discovery  of  the  principle  of  the  reaction  of  a  current  on  itself— a  discovery 
made  by  Ur.  Werner  Siemens  and  Sir  C.  Wheaistone  independently  of  each 
other.and  almost  simultaneously.  If  amomentary  voltaic  current  be  passed 
through  the  wires  of  the  rotating  armature  of  such  a  machine  as  the  above, 
a  trace  of  residual  magnetism  will  be  lefi  in  the  core.  The  rotation  of  this 
armature  induces  a  current  in  the  electromagnets  B  B  :  this  in  turn  reacts  on 
the  armature,  increases  its  magnetism,  which  again  increases  the  strength  of 
the  electromagnets,  and  so  forth.  We  have  in  this  an  analogy  with  Holtz's 
machine  {759),  in  which  the  electricity  of  the  plate  and  the  conductors  reci- 
procally strengthen  each  other.  It  is  not  even  necessary  to  specially  magnetise 
the  iron  at  the  outset ;  the  trace  of  residual  magnetism  always  present  in  iron 
(71 5}  is  sufficient  to  start  the  apparatus,  which  then  goes  on  increasing  with 
the  velocity  of  the  rotation,  and  which  indeed  is  only  limited  by  the  heating 
of  the  wires  and  the  bearings,  and  by  the  difficulty  of  properly  insulating  the 
coils  when  such  powerful  currents  are  used. 

Apparatus  which  transform  mechanical  work  into  electricity  without  the 
use  of  permanent  magnets,  or  of  extraneous  electro-magnets,  are  known 
as  dynainO'eUctrical  maclnnis,  in  contradistinction  to  magneto- electrical 
machines,  in  which  the  magnetism  is  not  furnished  by  the  play  of  the 
machine  itself,  but  is  got  from  permanent  magnets.  It  must  not,  however, 
be  supposed  that  in  the  one  the  electricity  is  produced  at  the  expense  of  the 
magnetism,  and  in  the  other  at  the  expense  of  the  work.  There  is  really  no 
distinction  of  this  kind  between  them  ;  in  both  kinds  of  machine  electricity 
is  produced  at  the  cost  of  work,  and  for  this  re.ison  both  are  dynamo- 
electrical  machines. 

The  earliest  machintr  of  this  kind  was  that  invented  by  Mr.  Ladd.  It  con- 
sists essentially  of  two  Siemens'  armatures,  rotating  with  great  velocity,  and 
of  two  iron  plates,  A  A  (fig,  819),  surrounded  by  an  insulated  copper  wire. 

The  electromagnets  B  B  are  not  joined  so  as  to  form  a  single  one,  hut 
are  two  distinct  electromagnets,  each  ha\'ing  at  the  end  two  hollow  cylin- 
ders, C  C',in  which  are  fitted  two  Siemens'  armatures,  m  and  n  :  the  current 
of  the  armature  n  passing  round  the  electromagnets  reverts  to  itself.  The 
wire  of  the  armature  111  passes  into  the  apparatus  which  is  to  utilise  the 
correni^for  instance,  two  carbon  points.  D. 

The  residual  magnetism  in  theannature  plates  ami  their  keepers  is  sufficient 
to  start  the  machine.  If,  then,  the  armatures  mandw  be  rotated  by  means  of 
two  bands  passing  round  a  common  drum,  the  magnetism  of  the  hollow  cylin- 
ders CC,  acting  upon  thearmature  «,  excites  induction  currents,  which,  ad- 
iusledbyacommutaior,  pass  round  the  electromagnets  BB,  and  more  strongly 
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magnetise  the  cylinders  or  shoes  C  C.  These,  in  their  luni  reactinj;  mace 
powerfully  on  the  armature  «,  strengthen  the  current ;  we  thus  see  that  n  and 
B  continually  and  mutually  strengthen  each  other  as  the  velocity  of  the  rota- 


Hcnce,  as  ihe  iron  of  the  armature  tn  becomes  more  ami 
more  strongly  magnetised  under  the  influence  of  the  eleclro-magnets  B  B, 
a  gradually  more  int«s( 
induced  current  is  dt- 
veloped  in  this  armature^ 
which  is  directed,  com- 
mutated  or  not,  according 
to  the  use  for  which  it  a 
designed. 

In     a    machine   ex- 
hibited at  the  Paris  EriB- 
ilion  of  1S67  the  plalB 
.A  were  only  34  inches 
1  length  by  12  inches  in 
idlh.    With  these  small 
f  dimensions  the  currenl  is 
equal  to  Ihatof  35 10  ]o 
Bunsen's    cells.     It  can 
work    the    electric    ligl" 
F'8-  ^'°'  and  keep  incandcsceol  -i 

platinum  wire  a  metre  in  length  and  0-5  mm.  in  diameter. 

The  above  form  of  the  machine   is  worked   by   sicam  power.     Mf. 
Ladd  devised  a  mote  compaci.  form,  which  may  be  worked  by  hand. 


id.    I|^ 
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is  represented  in  fig.  Saa    The  two  armatures  arc  fixed  end  to  end,  a 
the  coils  are  wound  on  it  at  right  angles  to  each  other,  as  shown  in  the  figure. 
The  current  from  this  can  raise  lo  while  heat  iS  inches  of  platint 
in.  in  thickness,  and  with 
an  inducioriuni  (gzi)  con- 
taining 3  miies  of  second- 
ary wire  2-in.  sparks  can 
be  obtained. 

917.  PacinotH'a  Tine. 
Snu&me'B  mMcneto- 
•leotrloftl   nittolilne. — A 

remarkable  iniprovement 
in  magneto-  and  dynamo- 
etectric       machines       is 
the  application  of  a  ring 
inductor.     This  was   in- 
vented by  Prof.  Pacinotti 
in  1S62,  and  is  known  as 
Padnottts  ring.     It  was 
applied    by    him    to    an 
electromagnetic 
but    he    showed   that    it 
could  be  used  as  a  mag. 
neto-electrical         motor. 
The  same  principle   was 
discovered  several  years 
later,    it    would    appear 
quite    independently,  by 
Si.  Gramme,  and  utilised 
by  him   in   llie  construclior 
This  differed  from  all  previous  forms  u 
practically    continuous 
which,  having  regard  to  the  size  of  (he 
machine,  were  more  powerful  than  any 
hitherto  obtained.    A  laboratory  form 
of  Gramme's  machine  is  represented  in 
fig.  8!  I ,  in  about  i  of  the  real  size.     On 
a   base    is    fixed   vertically   a   powerful 
Jamin's  magnetic  battery,  A  (fig.  821) 
constructcdof:4  steel  plates,  each  i  mm. 
in  thickness,  then  separately  magnetised 
to  saturation.     To  the  two  poles 
afExed  two  so' 

between  which  an  axle  is  rotated  by 
means  of  a  wheel  and  rackwork.  On 
this  axle  is  a  ring  on  which  are  wound 
a  series  of  thirty   coils.      The   ring   or 

core  is  not  solid,  but  itself  consists  of  a  coil  of  a  number  of  turns  of  soft  iron 
wire,  &s  seen  in  fig.  822,  and  in  this  way  the  changes  in  its  magnetisation 
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which  take  place  are  far  more  rapid,  and  the  heating  effect  due  to  these  rapid 
changes  is  less  ;  the  wire  is  continuous,  and  the  two  ends  are  soldered 
together. 

On  this  core  are  wound  the  coils  BCD;  they  are  united  by  thin  brass 
knee-plates  wi«,  to  each  of  which  are  soldered  the  copper  wires  of  two  suc- 
cessive coils,  so  as  to  form  a  continuous  whole.  The  plates  are  insulated 
from  each  other,  and  are  fixed  on  a  wooden  block  ^,  mounted  on  the  axis 
of  rotation.  The  branches  m  n  of  the  knee-plates  form  a  sheath  about 
this  axis,  and  two  flat  brushes  of  copper  wire,  fixed  to  the  binding  screws 
c  and  /,  are  in  contact  with  the  upper  and  lower  parts  of  this  sheath,  and 
receive  the  currents  which  originate  in  the  coils. 

In  order  to  understand  the  action  of  Gramme's  machine,  let  us  now  con- 
sider the  condition  of  a  soft  iron  ring  which  is  placed  between  the  two  oppo- 
site poles  of  a  powerful  permanent  magnet,  at  the  opposite  ends  of  a 
diameter  of  the  ring  (fig.  823).  The  parts  nearest  the  ring  will  be  of  the 
opposite  polarity  to  that  of  the  inducing  magnet.  We  may  consider  that 
under  its  influence  each  half  of  the  ring  is  converted  into  a  magnet  with  its 
two  poles  and  neutral  line.  The  same  poles  of  the  ring  face  each  other,  and 
the  effect  is  not  altered  if  the  ends  touch,  feet  us  now  suppose  the  ring 
fixed,  and  that  a  thin  coil  moves  round  it,  starting  from  the  neutral  line.    As 

it  nears  the  pole  j,  a  current  on  approach  will  be  induced 
in  the  coil  in  the  opposite  direction  to  that  which,  on 
Ampere's  hypothesis,  circulates  round  the  end  of  the 
pole  J  ;  as  it  passes  over  the  other  half  j,  a  leaving  cur- 
rent is  produced,  which  is  in  the  savu  direction  as  that 
which  circulates  round  s  \  but  it  must  be  remembered 
that  as  these  poles  face  one  another,  their  Amperian  cur- 
rents are  in  opposite  directions,  the  result  of  which  is 
that  the  currents  induced  on  approaching  s  and  on  leaving 
s  are  in  the  same  direction  ;  in  other  words,  as  the  coil 
circulates  in  front  of  the  double  pole  it  will  be  traversed 
by  a  continuous  current  in  the  same  direction,  the 
strength  of  which  increases  from  the  neutral  point  till  it 
comes  in  front  of  the  poles,  and  then  diminishes  until  il 
is  at  the  neutral  point  again.  The  same  process  repeats  itself  in  the  coil  as 
it  approaches  the  other  pole,  except  that  the  current  is  negative,  so  that  if  the 
collectors  arc  adjusted  on  one  side  the  neutral  point  they  will  collect  the 
opposite  currents,  and  they  can  be  utilised  in  an  external  circuit.  What  is 
here  true  of  one  coil  is  true  of  all  others  as  they  pass  in  front  of  the  poles ; 
and  as  they  are  all  connected  together  we  get,  not  so  much  a  series  of  sepa- 
rate impulses,  as  a  continuous  series  of  currents.  This  continuous  character 
of  the  currents  is  improved  by  the  fact  that  the  collector  brushes  are  so 
arranged  as  to  touch  more  than  one  of  the  knee-pieces  at  once. 

The  ring  of  course  does  actually  rotate  with  the  coils,  and  the  polarity  of 
each  part  is  continually  changing;  but  although  this  is  the  case,  the  position  of 
the  poles  remains  fixed  in  space,  and  the  effect  is  as  we  have  said.  It  must 
be  added  that  the  poles  of  the  magnet  also  act  directly  on  the  coils  ;  and  if  ^"c 
consider  the  ring  as  non-magnetic,  and  only  the  direct  action  of  the  poles  on 
Xho^  coil  to  operate,  it  will  be  seen  to  be  in  the  same  direction  as  the  action 


ihen  in  increasing  the  s 


of  the  ring.     Both  effects 
continuity  of  the 

This  apparatus  is  very  powerful ;  the  smallest  size  made  can  decompose 
water,  and  heat  to  redness  an  iron  wire  20  centimetres  In  length  and  a 
millimetre  in  diameter.  Mascart  and  Angot  determined  the  electromotive 
force  of  different  Gramme's  machines  by  placing  in  the  circuit  of  the 
machine,  but  in  opposition  to  it,  a  number  of  Daniell's  elements.  The 
velocity  of  rotation  was  then  increased  until  a  galvanometer  in  the  circuit 
was  not  deflected.  When  this  was  the  case,  seeing  that  the  resistance 
traversed  by  the  opposing  currents  was  the  same,  it  is  clear  that  the  electro- 
motive  force  due  to  the  machine  rotating  at  a  given  speed  is  exactly  equi- 
valent to  that  of  the  corresponding  number  of  elements.  Thus,  for  instance, 
the  current  from  3  Daniell's  cells  was  found  to  neutralise  thai  of  a  particular 
hand  Gramme's  machine  rotating  with  a  velocity  of  lo-i  turns  per  second. 
The  average  electromotive  force  due  to  this  machine  was  found  equal  to  0*27 
of  a  Uaniell  for  a  velocity  of  t  turn  per  second.  With  another  the  ratio 
was  0-31,  and  with  others  again  as  much  as  08  of  a  Uaniell. 

It  will  be  seen  from  the  description  that  the  action  of  the  ring  inductor  is 
not  inconsistent  with  the  application  of  the  dynamo-electrical  principle  ;  and 
in  the  larger  machines  it  is  applied,  and  the  rotation  effected  by  steam  or 
gas  engines  or  by  water  power.  The  dimensions  and  details  of  the  construc- 
tion vary  with  the  purpose  for  which  the  machine  is  designed.  Thus  in  a 
machine  which  is  to  be  used  for  electrolysis,  the  coils  in  the  ring  inductor 
are  madeup  of  a  comparatively 
short  length  of  insulated  upper 
bands,  while  for  the  electric 
light  3  long  length  of  tine  insu- 
lated wire  is  used. 

sihle  ;  for  while  by  its  means 
motion  is  converted  into  elec- 
tricity, it  can  in  like  manner 
convert  electricity  into  motion. 
This  may  be  seen  by  connecting 
the  binding  screws  c  and  ("with 
the  poles  of  a  Grove's  battery. 
This  iron  core  then  becomes 
magnetised  by  the  action  of  the 
current  passing  through  the 
coils  \  the  whole  system  rotates 
rapidly  under  the  influence  of 
the  magnetised  bundle.  "«•  "<• 

9rS.  Slemana'  djniKmo-eleotiioml  nuolilne*,— Fig.  S24  represents 
the  esseniial  features  of  one  of  the  small-sized  vertical  machines  made 
by  Messrs.  Siemens.  A  characteristic  is  the  cylindrical  or  drum  armalurs, 
which  may  be  regarded  as  an  extension  of  that  already  described  (914). 
The  electromagnets  M  M  and  M'  M'  with  double  poles  feed  the  magnetism 
of  the  soft  iron  arm.uurcs  N  N,  which  are  bent  so  as  to  almost  completely 
encircle  the  inductor  ;  they  are  in  detached  pieces,  so  that  air  can  " 
circulate  between  ihem,  and  thereby  the  tempctaittie\ieVe'p<.  Aow^- 
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The  inductor  itself,  D,  consists  of  a  drum-shaped  frame  of  soft  iron 

wire  covered  with  a  layer  of  insulating  material,  and  fiited  to  an  axle 
which  rests  in  the  strong  upright  supports,  and  is  rotated  by  means  of  power 
transmitted  to  the  sheave  S,  The  wire  is  coiled  on  this  :  one  end  is  attached 
to  a  plate  which  forms  part  of  the  collector,  as  in  Gramme's  machine  ;  ii 
passes  lengthwise  round  the  drum  in  several  turns,  and  the  other  end  is 
attached  to  a  simitar  piece  on  the  collector,  which  is  diametrically  opposite 
the  first.  The  wire  is  continuous,  the  connection  of  the  individual  strands 
being  effected  by  means  of  the  collector.  On  the  collector  rest  two  pairs 
of  brushes,  hb  and  b' b'  \  they  are  connected  respectively  with  insulated 
binding  screws ;  from  these  the  current  passes  through  the  wires  of  the 
electromagnet,  and  thence  to  the  terminals,  pp,  where  it  may  be  utilised  in 
the  external  circuit. 

The  advantage  of  this  construction  is  that  from  the  length  of  the  inductoi 
the  wires  are  moving  in  a  more  extended  field  ;  and  being  on  the  surface  and 
quite  close  to  the  armature  of  the  field  magnets,  are  more  under  iheir 
influence. 

A  small  machine  of  this  kind,  which  does  not  occupy  a  space  of  more 
than  three  cubic  feet,  and  rotating  with  a  velocity  of  1 5  turns  in  a  second, 
which  is  effected  by  !i-horse  power,  can  produce  a  light  of  1,400  candies. 
The  larger  sizes  produce  far  more  powerful  effects,  but  require  of  course 
greater  power  to  work  them. 

Machines  of  this  class  give  continuous  currents.  A  kind  is  constructed 
for  alternating  currents  ;  it  consists  of  a  combination  of  two  machines,  one 
of  which  is  on  the  dynamo  principle,  as  in  the  above  case,  while  the  other  is 
analogous  to  the  magneto-eleclrica!  machine. 

919  Hnub  aynama-eleotrloBl  niBoliiiia. —  The  armature  of  this 
machme  {hg   835 )  is  nng-shaped,  and  has  some  resemblance  to  Cranime's, 


but  the  coiling  is  different  The  section  of  the  ring  is  rectangular  ffig.  816), 
and  there  are  deep  rectangular  grooves  in  it,  in  which  are  the  coils  of  wire, 
eight  in  number.  The  projecting  cheeks  thus  formed  between  the  coils  form 
polar  appendices^  which  are  intended  to  act  laterally  on  the  coils.  T!ie« 
cheeks  are  traversed  by  deep  horizontal  grooves,  and  also  by  a  large  and  deep 
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vertical  groove,  which  almost  divides  the  ring  into  two  parts.  By  this  means 
the  formation  of  local  currents  is  hindered,  and  a  greater  cooling  surface  is 
obtained. 

The  ring  rotates,  between  the  four  poles  of  two  very  powerful  electro- 
magnets, M  and  M,  whose  soft  iron  armatures  are 
prolonged  in  pole  plates  N  and  S,  double  poles  being 
adjacent. 

On  the  collector  are  four  rings  (fig.  827).  Each 
ring  consists  of  two  segments,  a  b,  separated  from 
each  other  at  one  end  by  an  air  space,  while  between 
the  others  is  a  smaller  segment  c  called  the  *  insu- 
lator.' During  the  rotation  one  pair  of  coils  is  in  p-  a  « 
the  neutral  position,  in  which  no  electromotive  force  *^' 
is  being  developed  in  it.  In  this  position  the  coils  only  represent  a  re- 
sistance, and  their  presence  in  the  circuit  is  a  pure  loss.  The  contacts  are 
so  arranged  that  the  moment  the  pair  is  in  this  position,  which  is  at  each 
quarter  of  a  rotation,  one  of  the  brushes  touches  the  insulator,  and  is  thus 
not  only  removed  from  the  circuit,  but  not  being  closed,  no  current  can 
circulate  in  it. 

One  end  of  each  coil  is  connected  with  one  end  of  the  coil  exactly 
opposite  it,  the  other  ends  being  connected  with  one  of  the  four  commutator 
rings  where  they  are  connected  to  isolated  segments.  From 
these  segments  the  current  of  the  two  coils  is  taken  oflf  by 
brushes  arranged  horizontally  and  in  connection  with  curved 
spring  bands,  which  lead  it  to  the  binding  screws,  from  which 
it  passes  into  the  external  circuit. 

In  a  machine  of  this  kind  which  gives  16  arc  lights  the 
ring  is  half  a  metre  in  diameter,  and  each  of  the  8  coils  con-         ^*s-  ^^7. 
tains  275  metres  of  cotton-covered  copper  wire  2  mm.  in  diameter,  and 
weighing  10  kg.     Each  pair  of  coils  has  a  resistance  of  ij  ohms,  and  the 
electromagnets  have  a  resistance  of  6  ohms,  so  that  the  total  internal  re- 
sistance is  12  ohms. 

920.  Applleations  of  magneto-  and  dynamos-electrical  nkacliines. — 
Great  improvements  have  of  late  been  made  in  magneto-electrical  machines, 
both  in  the  economy  and  simplicity  of  their  construction,  and  also  in  their 
power ;  for  details  on  these  matters  we  must  refer  to  special  technical  works. 

All  such  machines  as  the  above,  which  are  really  conversions  of  mechan- 
ical force  into  electricity,  consist  essentially  of  a  wire  moving  in  a  magnetic 
field  (707).  Experiment  has  confirmed  the  prevision  that  the  electromotive 
force  of  the  currents  thus  produced  is  proportional  to  the  velocity  with  which 
the  circuit  moves  through  the  field — in  other  words,  to  the  speed  with  which 
the  coil  is  rotated  ;  and  secondly,  to  the  intensity  of  the  field  ;  with  a  given 
speed  and  a  given  field,  but  with  varying  increase  of  resistance,  it  is  found 
that  the  electromotive  force  increases  with  an  increase  in  the  external  re- 
sistance to  a  certain  limit,  after  which  it  is  constant. 

The  energy  of  any  electrical  current  is  measured  by  the  product  of  the 
electromotive  force  into  the  strength  of  the  current  itself. 

A  magneto-electrical  machine  may  be  compared  to  a  pump  forcing  water 
through  a  pipe  against  friction  ;  the  electrical  current  corresponds  to  the 
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volume  of  water  passing  in  a  second,  and  the  electromotive  force  corresponds 
to  the  difference  in  pressure  on  the  two  sides  of  the  pump.  Just  as  the 
power  of  a  pump  is  measured  by  the  product  of  the  pressure  and  volume  per 
second,  so  the  product  of  the  electromotive  force  and  pressure  is  power,  and 
the  ratio  of  this  power  to  the  power  expended  in  driving  the  magneto-elec- 
trical machine  is  the  efficiency  of  the  magneto-electrical  machine.  The 
peculiarity  of  the  dynamo-electrical  machine  is  this,  that  the  electromotive 
force,  or  the  element  corresponding  to  difference  of  pressure  in  the  case  of 
a  pump,  depends  directly  on  the  current  passing.  It  does  not  increase  in- 
definitely with  increase  of  current,  but  increases  to  a  certain  limit,  and  then 
remains  constant. 

Dr.  Hopkinson  made  a  series  of  experiments  with  a  machine  of  Siemens' 
construction,  where  special  arrangements  were  made  for  determining  the 
speed  at  which  the  machine  was  driven,  the  driving  power,  the  resistances 
in  the  circuit  and  the  current  passing,  or  the  difference  in  potential  between 
the  two  ends  of  a  known  resistance  in  the  circuit.  He  thus  found  that  to 
drive  the  machine  in  open  circuit  at  a  speed  of  720  vibrations,  required  an 
expenditure  of  0*28  horse-power.  Exclusive  of  friction,  the  efficiency  of  the 
machine  was  about  90  per  cent.,  so  that  in  this  respect  little  improvement  can 
be  expected. 

If  the  relation  between  the  electromotive  force  measured  in  volts  (963\ 
and  the  strength  of  the  current  measured  in  amperes  (963),  for  a  given  speed 
of  rotation  be  expressed  by  a  curve,  it  is  found  that  this  curve  has  the  form 
of  a  slanting  straight  line  starting  from  the  origin,  and  then  begins  to  bend 
away,  approaching  a  horizontal  line.  The  point  at  which  it  begins  to  bend 
away  is  when  the  electromotive  force  is  about  two-thirds  of  its  maximum, 
and  this  is  called  by  Hopkinson  the  critical  current :  it  has  this  physical 
meaning,  that  below  this  point  any  change  in  the  speed  of  rotation,  with  a 
steady  external  resistance,  or  any  change  in  the  external  resistance  with  a 
constant  speed  of  rotation,  produces  considerable  changes  in  the  current 

The  principal  application  which  has  been  made  of  the  currents  produced 
by  dynamo  machines  is  to  the  production  of  the  electrical  light  (837).  In 
this  respect  it  may  be  said  that  the  arrangements  for  producing  the  electricity 
are  more  perfect  than  those  for  producing  the  light  ;  for  while  90  per  cent  of 
the  power  used  appears  in  the  form  of  current,  only  about  half  of  that  which 
is  transmitted  to  the  machine  appears  in  the  electrical  arc. 

For  electrodes  of  a  definite  material,  kept  at  a  definite  distance  apart, 
and  under  the  ordinary  atmospheric  pressure,  the  difference  of  potential  is 
approximately  constant.  The  product  of  difference  of  potential  into  the 
current  passing  is  the  work  developed  in  the  arc,  and  this  divided  by 
the  power  expended  in  driving  the  machine  is  the  efficiency  of  the  electrical 
arc. 

Comparing  together  the  relative  costs  of  producing  a  certain  degree  of 
illumination — «,  by  means  of  gas  ;  ^,  by  the  electrical  arc  with  altematini,' 
currents  ;  r,  by  one  with  continuous  currents,  the  machines  for  the  production 
of  the  last  two  being  worked  by  a  gas  engine — it  was  found  that  the  ratio 
was  as  1 16  :  62  :  15  ;  when  the  machine  was  heated  by  coal  instead  of  gas 
the  cost  was  as  116  :  50  :  10,  it  being  assumed  that  four  pounds  of  coal  pro- 
duce one  horse-power  per  hour.     The  actual  cost   of  lighting  the  British 
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Museum  with  n  light  representing  i8,Soo  candles  was  six  shillings  an  hour, 
of  which  the  carbons  cost  nearly  one-half.  The  cheapening  of  the  electrical 
light  is  in  great  measure  a  question  of  cheapening  the  carbons. 

Dr.  Hopkinson  gives  the  following  illustration  of  the  luminous  effect  pro- 
duced by  converting  energy  into  heat  in  a  closed  space.  120  feet  of  what  is 
called  1 5.candle  gas  (5og)  consumed  in  burners  at  the  rale  of  five  cubic  feel  per 
hour  produce  a  light  of  360  standard  candles  for  an  hour.  The  heat  produced 
in  this  combustion  is  equivalent  to  about  60  millions  of  foot -pounds  (484).  If 
this  gas  be  burned  in  a  gas-engine  (476)  about  8  million  foot-pounds  of  work 
•rill  be  done  outside  the  engine,  or  4  horse-power  for  an  hour  (47a). 

This  power  is  sufficient  to  drive  an  A  Gramme  machine  for  an  hour ;  the 
amount  of  energy  which  is  converted  into  current  is  6,400,000  fool-pounds,  of 
which  about  one-half,  or  3,100,000,  appear  in  ihe  form  of  energy  in  the  elec- 
tric arc.  Viewed  horiionially  this  radiates  a  light  of  2,000  candles,  and  two  or 
three  times  as  much  when  viewed  from  below.  Hence  about  3  million  foot- 
pounds changed  into  heat  in  the  electric  arc  will  atfect  our  eyes  six  limes  as 
powerfully  as  60  millions  changed  into  heat  in  a  gas  burner. 

Siemens  made  a  series  of  experiments  on  the  influence  of  the  electrical 
light  on  vegetation.  The  light  was  produced  by  adynamo-elecirical  machine 
irfhis  construction,  and  was  equal  in  illuminating  power  to  i,4oocandles,  Ot 
a  series  of  four  sets  of  quickly  growing  plants  in  pots,  such  as  mustard,  beans, 
ftc,  one  set  was  left  in  the  dark,  and  two  other  sets  were  exposed  to  the  action 
«f  the  daylight  and  of  the  electric  light  separately  ;  while  the  fourth  was  ex- 
posed to  the  joint  action  of  the  two  lights.  The  first  set  sowed,  withered  and 
died  ;  those  exposed  to  the  electric  light  grew  and  flourished,  but  not  so  vigor- 
ously as  those  exposed  to  daylight  alone  ;  there  was,  however,  a  marked  im- 
jirovement  in  the  case  of  those  which  had  been  exposed  to  the  conjoint  action 
Wboth  lights  :  they  showed  the  most  vigorous  groivtb.  Plants  did  not  seem 
to  require  a  period  of  repose,  but  made  increased  and  vigorous  progress  if 
subjected  at  daytime  to  sunlight,  and  by  night  to  the  electric  light. 

The  electric  light  is  beneficial  not  merely  on  such  plants  as  the  above, 
but  also  in  promoting  the  formation  of  aromatic  and  saccharine  substances 
on  which  the  ripening  of  fruits  depends  i  this  was  well  seen  in  some  experi- 
Bients  in  which  early  strawberries  were  forced. 

Abney  found  that  Ihe  luminosity  and  also  the  aclinic  action  of  the  light 
produced  by  the  electric  arc  increased  more  rapidly  than  in  direct  ratio  to 
the  velocity  of  rotation,  and  the  horse-power  required  to  produce  it.  This 
Increase  was  slowest  for  red  light,  more  rapid  with  blue,  and  most  rapid  of 
jjl  with  the  aclinic  action.  With  a  speed  of  565  rotations,  and  an  expendi- 
inre  of  nine-horse  power,  the  actinic  action  was  equal  to  that  of  1 1 /300  candles. 

Cohn  found  that  the  electrical  light  is  more  favourable  for  the  pure  per- 
ception of  colour  than  any  other  light  of  equal  luminosity. 

It  is  probable  that  the  lemperalurc  which  can  be  produced  by  the  oxy- 
bydrogen  fiame  is  limited  and  has  been  already  reached,  and  that  we  must 
)ook  to  the  electrical  arc  for  the  production  of  higher  temperatures  than 
those  at  which  carbonic  acid  and  water  are  decomposed.  Direct  experi- 
ments by  Sieitiens  with  the  electrical  arc  show  not  only  that  it  produces  a 
■very  high  temperature  within  a  contracted  space,  but  also  that  it  will  con- 

~  int^  and  economically  produce  such  larger  effects  as  will  render 
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useful  for  many  purposes  in  the  arts,  such  as  the  fusion  of  platinum  and  steel. 
He  constructed  an  arrangement  by  which  the  electric  arc  was  formed  within 
a  crucible  made  of  the  most  refractory  materials  ;  the  one  electrode  passed 
through  the  bottom  of  the  crucible  and  the  other  through  the  lid,  and  there 
was  an  arrangement  by  which  the  distance  of  the  electrodes  could  be  auto- 
matically regulated ;  another  important  point  was  to  constitute  the  posi- 
tive pole  of  the  material  to  be  fused,  as  it  is  at  this  pole  that  the  heat 
is  principally  developed.  A  dynamo  machine  capable  of  producing  a  current 
of  36  amperes,  and  which  produces  a  light  equal  to  6,000  candles,  fused  a 
kilogramme  of  steel  within  half  an  hour.  Siemens  calculated  that  the  heat 
in  his  furnace  represented  \  of  the  horse-power  expended  in  working  the 
machine ;  and  as  a  good  engine  only  utilises  about  \  of  the  combustible 
value  of  the  coal  employed  in  working  them,  it  follows  that  the  electrical 
furnace  utilises  ^  of  the  energy  residing  in  the  fuel  under  the  engine.  The 
electrical  furnace  is  theoretically  more  economical  than  the  ordinary  air 
furnaces. 

The  magneto-electrical  machine  has  also  been  applied  to  propelling 
carriages  along  a  railway.  A  narrow-gauge  railway  was  laid  down,  and 
upon  this  a  train  of  three  or  four  carriages  was  laid,  and  on  the  first  of  these 
a  medium-sized  dynamo  machine,  so  fixed  and  connected  with  the  axle  of 
one  pair  of  wheels  as  to  give  motion  to  the  same.  The  two  rails,  being  laid 
upon  wooden  sleepers,  were  sufficiently  insulated  to  serve  for  electrical  con- 
ductors. Between  the  two  rails  a  bar  of  iron  was  fixed  on  wooden  supports, 
through  which  the  current  was  conveyed  to  the  train  by  brushes  fixed  to  the 
driving  carriage,  while  the  return  circuit  was  completed  through  the  rails. 
At  the  station  the  centre  bar  and  rails  were  electrically  connected  with  the 
poles  of  a  dynamo  machine  like  that  on  the  carriage,  and  which  was  worked 
from  a  fixed  steam-engine  on  the  ground.  The  magneto-machine  exerted 
five-horse  power,  and  it  travelled  with  a  velocity  of  1 5  to  20  miles  an  hour. 
There  is  reason  to  expect  that  this  application  of  magneto-electrical 
machines  will  be  of  service  in  mines  and  in  railway  tunnels,  the  losses  by 
transmission  bein^%  to  a  great  extent,  compensated  by  the  fact  that  large 
stationar)'  low-pressure  engines  are  more  economical  than  the  high-pressure 
engines  of  locomotives. 

It  is  a  question  which  must  be  decided  by  practical  experiments  on  a 
large  scale,  what  proportion  of  the  natural  sources  of  energy  which  waterfalls 
present  can  be  economically  utilised  and  transmitted  to  considerable  dis- 
tances .''  Experiments  already  made  arc  of  great  promise,  and  much  progress 
may  be  expected  in  this  direction  in  the  immediate  future. 

921.  Zndactorlam.  &abinkorirs  coil. — These  are  arrangements  for 
producing  induced  currents,  in  which  a  current  is  induced  by  the  action  of 
an  electric  current,  whose  circuit  is  alternately  opened  and  closed  in  rapid 
succession.  These  instruments,  known  as  inductoriuftts^  or  induction  coils* 
present  considerable  variety  in  their  construction,  but  all  consist  essentially 
of  a  hollow  cylinder  in  which  is  a  bar  of  soft  iron,  or  bundle  of  iron  wires, 
with  two  helices  coiled  round  it,  one  connected  with  the  poles  of  a  battery, 
the  current  of  which  is  alternately  opened  and  closed  by  a  self-acting  arrange- 
ment, and  the  other  serving  for  the  development  of  the  induced  current.  r>y 
means  of  these  apparatus,  with  a  current  of  three  or  four  Grove's  cells, 
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lengtli.  The  primary  or  inducing  wire  is  of  copper,  and  is  about  a  mm.  in 
diameter  and  40  or  50  yards  tn  length.  It  is  coiled  directly  on  a  cylinder  of 
cardboard,  which  fonns  the  nucleus  of  the  apparatus,  and  is  enclosed  in  an 
tmulating  cylinder  of  glass,  or  of  caoutchouc.  On  these  is  coiled  iSxf:  second- 
ary or  induced  wire,  which  is  also  of  copper,  and  is  aboui  J  mm.  in  diameter. 
A  great  point  in  these  apparatus  is  the  insulation.  The  wires  are  not  merely 
insulated  by  being  in  Ihe  first  case  covered  with  silk,  but  each  individual 
coil  is  separated  from  the  rest  by  a  layer  of  melted  shellac.  The  length  of 
the  secondary  wire  varies  greatly  ;  in  the  largest  si^e  hitherto  made,  that  of 
Mr.  5poltiswoode,  ii  is  as  much  as  280  miles.  With  these  Rreal  lengths  the 
wire  is  thinner,  about  \  mm.  The  thinner  and  longer  the  wire  the  higher 
the  potential  of  the  induced  electricity. 

The  following  is  the  working  of  the  apparati 
the  wire  P  at  a  binding  screw  ii,  passes  thence  m  the 
afterwards  described  (fig.  Sji),  thence  by  the  binding  scr 
primary  wire,  where  it  acts  inductively  on  the  secondary 
versed  the  primary  wire,  ii  emerges  by  the  wire  s  (fig.  S^g).  Following  the 
direction  of  the  arrows,  it  will  be  seen  thai  the  current  ascends  in  the 
binding  screw  /,  reaches  an  oscillating  piece  of  iron,  o,  called  the  hammer, 
descends  by  the  anvil  h,  and  passes  into  a  copper  plate.  K,  which  takes  ii 
to  the  commutator  C.  It  goes  from  there  to  the  binding  screw  c,  and 
finally  to  the  negative  pole  of  the  battery  by  the  wire  N. 

The  current  in  the  primary  wire  only  acts  inductively  on  the  secondary 
wire  (901J,  when  it  opens  or  closes,  and  hence  must  be  constantly  in- 
terrupted. This  is  effected  by  means  of  the  oscillating  hammer  o  (fig,  8ig). 
In  the  centre  of  the  bobbin  is  a  bundle  of  soft  iron  wires,  forming  together  a 
cylinder  a  little  longer  than  the  bobbin,  and  thus  projecting  at  the  end  as 
seen  at  A.  When  the  current  passes  in  the  primary  wire  this  hammer  c 
is  attracted  ;  but  immediately,  there  being  no  contact  between  a  and  A,  the 
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5  broken,  the  magnetisation  ceases,  and  the  hammer  falls;  the 


it  ag^in  passing,  the  same  series  of  phi 
the  hammer  oscillates  with  great  rapidity. 

923.  Oondenaor. — In  proportion  as  the  currer 
in  the  primary  wire  of  ihe  bobbin,  an  induced 


recommences,  t 


Dthat 
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passes  thus  inlermittenlly 
;urrent,  altematelj'  direct 
rse,  is  produced  at  each 
ihe  secondary  wire, 
ilated, 


^        '  /^  interruption 

*ft<i—  S!   ■  ^"'  **  **"'*'  '^  perfectly 

^~  W  -K-fl'     '■  the  induced  cunent  requires  such 

^         f  ■"  "Ir^TI  strength  as  to  produce  very  power- 

i         ^  .  n    -1--^        ful  effects.     Fiieau  increased  this 

t '   ^W%        strength  still  more  by  interposing 
a  condenser  in  the  primary  ciroiit 
This  condenser  (fig.  830)  con- 
sists of  sheets  of  tinfoil  placed  over 
each  other  and  insulated  by  laqer 

_,  sheets  of  stout  paper,  v,  soaked  b 

paraffine  or  resin.  The  sheets  d 
tinfoil  project  at  the  end  of  the 
',  and  the  other  ac  the  other  end,  at  e  e' e",  so  thai 
n  joined  by  a  binding  screw  the  odd  numbers  form  one  coating  of » 
condenser,  and  the  even  numbers  the  other  coating.  In  large  condensers, 
the  surface  of  each  condenstr  is  as  much  p.s  75  square  yards.  The  whole 
bcinc  placed  in  a  box  at  the  base  of  the  apparatus,  one  of  the  coatings. 
the  jmsiiivc,  is  connected  with  Ihe  binding  screw  i,  which  receives  ih* 
n  emerginj;  from  the  bobbin  ;  and  the  other,  the  negati 


necicd  with  the  binding  si 


by  the  plate  K  with 
Che  rommuiator  C,  and  with 
the  baiterj'. 

To      understand     the 
effect  of  the  condenser,  it 
must  be   obseri'ed  that  at 
each  break  of  the  inducing 
_  current    an    extra    curreoi 

is  produced  in  the  same 
direction,  which  continuing 
in  a  certain  manner,  pro- 
j  extra  current  which  produces  the  spark  thai 
n  the  hammer  and  the  anvil ;  when  the  current 
i  strong  this  bpark  rapidly  alters  the  surface  of  the  hammer  and  anvil 
though  ihcy  arc  of  philinum.  By  interposing  the  condenser  in  the  inducing 
circuit,  the  extra  current,  instead  of  producing  so  strong  a  spark,  passes  mlo 
the  condenser — the  positive  electricity  in  the  coating  connected  with  (, 
and  the  negative  in  that  connected  with  m.  But  the  opposite  electricitie* 
combining  quickly  by  the  thick  wire  of  the  primary  coil,  by  the  batteiv, 
and  the  circuit  C  K  ///,  j;ivc  rise  to  a  current  contrary  to  that  of  the  batter}'. 
which  instiiiitaneously  demagnetises  the  bundle  of  soft  iron  :  the  induced 
current  is  thus  shorter  and  more  intense.  The  binding  screws  ««  and  « 
on  the  base  of  the  apparatus  are  for  receiving  this  e 
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passes  at  each  break  bctivi 


Effects  produced  by  Rnhmkcirff's  Coil. 

The  commutator  or  Icey  serves  lo  break  conlact  or  send  the  current  in 
either  direction.  TJie  section  in  fig.  831  is  entirely  of  brass,  excepting  Ihe 
core.  A,  which  is  of  ebonite  :  on  the  two  sides  are  two  brass  plates,  C  C. 
Against  these  press  two  elastic  brass  springs,  joined  to  two  binding  screws, 
«  and  c,  with  which  are  also  connected  the  electrodes  of  the  battery.  The 
current  arriving  at  a  ascends  in  C,  thence  by  a 
screw  y  it  attains  the  binding  screw  b  and  the 
bobbin  :  then  returning  by  the  piale  K,  which 
is  connected  with  the  hammer,  the  current  goes 
lo  C  by  the  screw  x,  descends  to  r,  and  rejoins 
the  battery  by  the  wire  N.  If,  by  means  of  the 
milled  head,  the  key  is  turned  180  degrees,  it  is 
easy  to  see  that  exactly  the  opposite  lakes 
place  ;  the  current  reaches  the  hammer  by  the 
plate  K  and  emerges  at  b.  If,  lastly,  it  is  only 
turned  through  90  degrees,  the  elastic  plates 
rest  on  the  ebonite  A  instead  of  on  the  plate  Fi«.  Sji. 

C  C,  and  the  current  is  broken. 

The  two  wires  from  the  bobbin  at ,  o  and  0'  (fig.  828)  are  the  two  ends  of 
the  secondary  wire.  They  are  connected  with  the  thicker  wires  PP',  so  that 
the  current  can  be  sent  in  any  desired  direction.  With  large  coils  the 
hammer  cannot  be  used,  for  the  surfaces  become  so  much  healed  as  to  melt. 
Bui  Foucault  invented  a  mercury  contact-breaker  which  is  free  from  this  in- 
convenience,  and  which  is  an  important  improvement. 

923.  XleotaprodnoedbrKuhinkorS'a  oalL — The  high  potential  of  the 
electricity  of  induction  coils  has  long  been  known,  and  many  luminous 
»nd  healing  efTects'  have  been  obtained  by  their  means.  But  it  is  only 
since  the  improvements  which  Ruhmkorff  introduced  into  his  coil,  that 
it  has  been  possible  lo  utilise  all  the  potential  of  induced  currents,  and  to 
show  that   these  currents  possess  powerful  statical  as  well   as   dynamical 

Induced  currents  are  produced  in  the  coil  at  each  opening  and  breaking 
of  contact.  But  these  currents  are  not  equal  either  in  duration  or  in  po- 
tential. The  direct  current,  or  that  on  o/cn/wf,  is  of  shorter  duration,  but 
higher  potential  ;  that  of  closing  of  longer  duration,  but  lower  potential. 
Hence  if  the  two  ends  P  and  P'  of  the  fine  wire  (figs.  828  and  829J  are  con- 
nected, as  there  are  two  equal  and  contrary  quantities  of  electricity  in  the 
wire  the  two  currents  neutralise  each  other.  If  a  galvanometer  is  placed  in 
the  circuit,  only  a  very  feeble  deflection  is  produced  in  the  direction  of  the 
direct  current.  This  is  not  the  case  if  the  two  ends  P  and  P'  of  the  wire  are 
separated.  As  the  resistance  of  the  air  is  then  opposed  lo  the  passage  of  the 
currents,  that  which  has  highest  poteniial^that  is,  the  direct  one— passes  in 
excess,  and  the  more  so  the  greater  the  distance  of  P  and  P'  up  10  a  certain 
limit  at  which  neither  passes.  There  arc  then  at  P  and  P'  nothing  but 
potentials  which  are  alternately  contrary. 

The  physiological  effects  of  RuhmkorfT's  coil  are  very  powerful  ;  in  fact, 
shocks  are  so  violent  that  many  experimenters  have  been  suddenly  pros- 
trated by  them.  A  rabbit  maybe  killed  with  two  of  Bunsen's  elements, 
in^a  somewhat  larger  number  of  couples  would  kill  a  man. 
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The  calorific  effects  are  also  easily  observed ;  it  is  simply  necessary  to 
interpose  a  very  fine  iron  wire  between  the  two  ends  P  and  P'  of  the  induced 
wire ;  this  iron  wire  is  immediately  melted,  and  bums  with  a  bright  light  A 
curious  phenomenon  may  here  be  observed,  namely,  that  when  each  of  the 
wires  P  and  P'  terminates  in  a  very  fine  iron  wire,  and  these  two  are  brou^ 
near  each  other,  the  wire  corresponding  to  the  negative  pole  alone  melts. 

The  chemical  effects  are  very  varied ;  thus,  according  to  the  shape  and 
distance  of  the  platinum  electrodes  immersed  in  water,  and  to  the  degree 
of  acidulation  of  the  water,  either  luminous  effects  may  be  produced  in 
water  without  decomposition,  or  the  water  may  be  decomposed  and  the 
mixed  gases  disengaged  at  the  two  poles,  or  the  decomposition  may  take 
place,  and  the  mixed  gases  separate  either  at  a  single  pole  or  at  both  poles. 
Gases  may  also  be  decomposed  or  combined  by  the  continued  action  of 
the  spark  from  the  coil.  If  the  current  of  a  Ruhmkorffs  coil  be  passed 
through  an  hermetically  sealed  tube  containing  air,  as  shown  in  fig.  833, 
nitrogen  and  oxygen  combine  to  form  nitrous  acid. 

The  luminous  effects  of  RuhmkorfTs  coil  are  also  very  remarkable,  and 
vary  according  as  they  take  place  in  air,  in  vapour,  or  in  very  rarefied  vapours. 
In  air  the  coil  produces  a  very  bright  loud  spark,  which,  with  the  largest 
sized  coil  hitherto  made,  that  of  Mr.  Spottiswoode,  has  a  length  of  42 
inches.  In  vacuo  the  effects  are  also  remarkable.  The  experiment  is  made 
by  connecting  the  two  wires  of  the  coil  P  and  P'  with  the  two  rods  of  the 
electrical  egg  (fig.  667)  used  for  producing  in  vacuo  the  luminous  effects  of 
the  electrical  machine.  A  vacuum  having  been  produced  up  to  i  or  2  milli- 
metres, a  beautiful  luminous  trail  is  produced  from  one 
knob  to  the  other,  which  is  virtually  constant,  and  has  the 
same  intensity  as  that  obtained  with  a  powerful  electrical 
machine  when  the  plate  is  rapidly  turned.  This  ex- 
periment is  shown  in  figs.  837  and  838.  Fig.  836  re- 
presents a  remarkable  deviation  which  light  undergoes 
when  the  hand  is  presented  to  the  ^gg. 

The  positive  pole  of  the  current  shows  the  greatest 
brilliancy  ;  its  light  is  of  a  fiery  red,  while  that  of  the 
negative  pole  is  of  a  feeble  violet  colour ;  moreover, 
the  latter  extends  along  all  the  length  of  the  negative 
rod,  which  is  not  the  case  with  the  positive  pole. 

The  coil  also  produces  mechanical  effects  so  powerful 
that,  with  the  largest  apparatus,  glass  plates  two  inches 
thick  have  been   perforated.     This  result,   however,  is 
not  obtained  by  a  single  charge,  but  by  several  successive  charges. 

The  experiment  is  arranged  as  shown  in  fig.  833.  The  two  poles  of  the 
induced  current  correspond  to  the  binding  screws  a  and  b  ;  by  means  of  a 
copper  wire,  the  pole  a  is  connected  with  the  lower  part  of  an  apparatus  for 
piercing  glass  like  that  already  described  (fig.  673) :  the  other  pole  is  attached 
to  the  other  conductor  by  a  wire  d.  The  latter  is  insulated  in  a  large 
glass  tube  r,  filled  with  shellac,  which  is  run  in  while  in  a  state  of  fusion. 
Between  the  two  conductors  is  the  glass  to  be  perforated,  V.  When  this 
presents  too  great  a  resistance,  there  is  danger  lest  the  spark  pass  in  the  coil 
itself,  perforating  the  insulating  layers  which  separate  the  wires,  and  then 


Fig.  832. 


ihe  wires  d  and  /,  and  these  same  poles  are  also  connected,  by  tpeans  of  ' 
the  wires  e  and  c,  with  the  two  horizontal  rods  of  a  universal  discharger 
(fig.  658)-  The  jar  is  then  being  constantly  charged  by  the  wires  i  and  d, 
sometimes  va  one  direction  and  sometimes  in  another,  and  as  constantly 
discharged  by  the  wires  e  and  c ;  the  discharges  from  ffi  to  h  taking  place  as 
sparics  two  or  three  inches  in  length,  very  luminous,  and  producing  a,  deafen- 
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ing  sound  ;  tlicy  can  scarcely  be  compared  with  the  sparks  of  the  elecirjcal 
machine,  but  are  rather  true  lightning  flashes. 

To  charge  a  battery,  the  form  of  the  experiment  is  somewhat  varied,  the 
coaling  being  connected  with  one  pole  of  the  coil  by  the  wire  rf,  and 


the  inner  coating  with  the  other  by  the  ii>i|-  y...  :ii_  ■■;...■.  ,;._;  Sji). 

The  rods  m  and  «  are  not,  however,  in  contact.  If  tliey  were— as  the  wo 
currents,  the  inverse  and  direct,  pass  equally — the  battery  would  not  bt 
constantly  charged  and  discharged  ;  while  from  the  distance  between  m  and 
n  the  direct  current,  that  of  opening,  which  has  higher  potential,  pasMS 
alone,  and  it  is  this  whicli  charges  the  batter)'. 

924.  StTBt  la  cation  of  tbe  eleotrlo  IlKbt.— Quet  observed,  in  studying 
the  electric  light  which  RuhmkorfF's  coil  gives  in  a  vacuum,  that  if  some  nf 
the  vapour  of  turpentine,  wood  spirit,  alcohol,  or  bisulphide  of  carbon,  &c, 
be  introduced  into  the  vessel  before  exhaustion,  the  aspect  of  the  light  is 
totally  modiiied.  It  appears  then  like  a  series  of  alternately  bright  and  dark 
Kones,  forming  a  pile  of  electric  hght  between  the  two  poles  {fig.  837), 

In  this  experiment  it  follows,  from  the  discontinuity  of  the  current  or 
induction,  that  the  light  is  not  continuous,  but  consists  of  a  series  of  dis- 
charges which  are  nearer  each  other  in  proportion  as  the  hammer  0  (fig.  829) 
oscillates  more  rapidly.  The  zones  appear  to  possess  a  rapid  gyratory  and 
undulatory  motion.  Quet  considers  this  as  an  optical  illusion  ;  for  if  the 
hammer  is  slowly  moved  by  the  hand,  the  zones  appear  very  distinct  and 
rived. 

The  light  of  the  positive  pole  i; 
negative  pole  violet.     The  tint  varies 

925.  OeUaler'a  tnbea.— The  brilliancy  and  beauty  of  the  stratification 
of  the  electric  light  are  most  remarkable  when  the  discharge  of  the  Kuhm* 
korlT  coil  takes  place  in  glass  lubes  containing  a  highly  rarefied  vapour  or 
gas.  These  phenomena,  which  have  been  investigated,  are  produced  bv 
means  of  sealed  glass  lubes  first  constructed  by  Geisaler,  of  Bonn,  ai 


U  through  the  tube.    These  siriie  var)-  in  shape,  colour,  and  lusirc  with  the 
egrce  of  the  vacuum,  the  nature  of  the  gas  or  vapour,  and  the  din 
f  Ihe  tube.    The  phenomenon  has  occasionally  a  slill  more  brilliant  aspect 
om  the  fluorescence  which  the  electric  discharge  e    ' 

F'K-  839  represents  [he  striie  given  by  hydrogen  under  half  a  millimetre 
f  pressure  ;  in  the  bulbs  the  light  is  white,  in  the  capillary  parts  it  is  red. 

Fig,  840  shows  the  sirly;  in  carbonic  acid  under  a  quarter  of  a  mUlwwMt 
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prcssure  ;  the  colour  is  greenish,  and  the  striae  have  not  ihe  same  forai  a^ 
hydrogen.     In  nitrogen  ihe  light  is  orange-yellow. 

Pliicker  found  thai  the  light  in  a  Ceissler's  lube  did  oot  depend  on  tlic 
substance  of  ihe  eieclrodes,  but  simply  on  the  nature  of  the  gas  or  \ipour 


in  the  lube.  He  found  Hint  ihe  lights  furnished  by  hydrogen,  mlrogen, 
carbonic  oxide,  5:e.,  give  different  spectra  when  they  are  decomposed  by 
a  prism.  The  discharge  of  the  coil  which  passes  through  a  highly  rarefitd 
gas  would  not  pass  through  a  perfect  vacuum,  from  which  it  follows  thai  ibt 
presence  of  a  ponderable  substance  is  absolutely  necessary  for  the  passage 
of  electricity. 

By  the  aid  of  a  powerful  magnet  Pliicker  tried  the  action  of  tnagnetim 
on  the  electric  discharge  in  a  Ceissler's  lube,  as  Davy  had  done  with  ll« 
ordinary  voliaic  arc,  and  obtained  many  curious  resuhs,  one  of  «hi(b 
may  be  menlloned.  He  found  that  where  the  & 
charge  is  perpendicular  to  the  line  of  the  poles,  it  ■> 
separated  into  two  distinct  parls,  which  can  be  le- 
fcrred  to  Ihe  different  action  exerted  by  the  electnv 
magnel  on  the  two  extra  currents  produced  in  ft* 
discharge. 

The  light  of  Ceissler's  lubes  has  been  apfdiul 
111  medical  purposes.  A  long  capillary  tube  i> 
"iildcred  to  two  bulbs  provided  with  platinum 
w:res  ;  this  tube  is  bent  in  the  middle,  so  ihil 
the  two  branches  touch,  and  their  extremities  vtt 
twisted,  as  shown  at  a  (fig.  841).  This  lube  con- 
tains a  highly  rarelied  gas,  like  those  previouslf 
'"'^  ''''■  described,  and  when  the  discharge  passes,  a  U^ 

is  produced  at  u,  bright  enough  to  illuminate  any  cavity  of  ihe  body  ioU 
which  the  lube  is  introduced. 

926.  Se  Ift  ftua  end  asOllar'a  eaperimeBia. — These  physicists  luK 
made  a  very  extensive  and  elaborate  series  of  experiments  on  the  stralifiaf 
tion  of  the  electric  light  by  means  of  the  currents  produced  by  their  batleff 
(Bisj.  They  employed  for  some  of  these  experiments  as  many  u  \Mf^ 
cells,  which  is  by  far  the  most  powerful  battery  ever  put  together. 
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mpossible  to  attempt  here  even  a  condensed  account  of  these  experiments ; 
Alt  the  following,  which  are  some  of  the  results  obtained,  may  be  men- 
loned. 

The  discharge  in  a  vacuum  tube  is  essentially  of  the  same  nature  as  that 
irhich  takes  place  in  gases  under  the  ordinary  atmospheric  pressure.  A 
vacuum  tube  was  interposed  in  the  circuit  of  a  battery  of  2400  cells,  to- 
i;ether  with  a  very  long  resistance.  It  was  found  that  the  potentials  at  the  two 
snds  of  the  tube  are  virtually  the  same  :  now  according  to  Ohm's  law  there 
iiould  be  a  £edl  of  potential  along  the  entire  circuit ;  it  is  accordingly  con- 
:luded  that  the  discharge  is  not  a  current  in  the  ordinary  sense  of  the  term, 
mt  is  disruptive,  the  electricity  being  carried  by  the  molecules  of  the  gas. 
Vt  no  degree  of  exhaustion  is  air  a  conductor. 

All  the  strata  start  from  the  positive  pole.  For  a  deAnite  pressure  an 
lureole  is  formed  at  the  positive  pole ;  with  a  diminished  pressure  this  de- 
aches  itself,  is  succeeded  by  others,  and  so  on. 

One  of  the  most  curious  results  is  the  definite  and  stationary  character  of 
;he  striae  for  given  conditions  ;  they  are  remarkably  permanent,  and  seem 
dmost  as  if  they  could  be  manipulated  ;  a  single  stratum  may  be  seen  fall- 
ng  down  a  tube  like  a  feather  in  a  vacuum,  or  like  a  drop  of  water.  They 
ire  not  produced  in  the  same  way  as  drops  falling,  but  each  of  the  little  strata 
ire  so  many  Leyden  jars. 

The  length  of  the  arc  found  between  two  terminals  varies  with  the  square 
jf  the  number  of  cells  ;  thus  while  1,000  cells  give  a  spark  of  0*0051  inch 
uder  ordinary  atmospheric  pressure,  11,000  cells  give  a  spark  of  0*62  in. 

With  an  increase  of  exhaustion  the  potential  necessary  to  cause  a  current 
:o  pass  diminishes  to  a  certain  pressure  which  represents  an  exhaustion  of 
least  resistance ;  from  this  it  again  increases,  and  the  strata  thicken  and 
diminish  in  number  until  a  point  is  reached  at  which  no  discharge  takes 
place,  however  high  be  the  potential. 

A  change  in  the  current  often  produces  an  entire  change  in  the  colour  of 
:he  stratification,  thus  in  hydrogen  the  change  is  from  blue  to  pink.  If  the 
lischarge  is  irregular  and  the  strata  indistinct  an  alteration  in  the  strength 
•A  the  current  makes  the  strata  distinct  and  steady.  Even  when  the  strata 
ire  apparently  quite  steady  and  permanent,  a  pulsation  may  be  detected  in 
:he  current  by  means  of  the  telephone. 

In  the  same  tube,  and  with  the  same  gas,  a  very  great  variety  of  pheno- 
mena can  be  produced  by  varying  the  pressure  and  the  current.  The  pecu- 
liar luminosity  and  form  of  stratification  in  their  various  forms  can  be  repro- 
duced in  the  same  tube  or  others  having  similar  dimensions. 

The  colour  of  the  discharge  in  one  and  the  same  gas  greatly  depends  on 
the  degree  of  rarefaction.  The  least  resistance  to  the  discharge  in  hydrogen, 
md  when  its  brilliancy  is  greatest,  is  at  pressure  of  0*642  mm.  or  845  M 
[1^  is  a  very  convenient  symbol  for  the  millionth  of  an  atmosphere).  When 
:he  rarefaction  has  attained  0*002  nun.  or  3  M*  ^^  discharge  only  just  passes 
even  with  a  potential  of  1 1,330  volts ;  while  with  an  exhaustion  of  0*000055 
mnL,  the  nearest  approach  to  a  perfect  vacuum  ever  attained,  not  only  does 
this  fail  to  produce  a  discharge,  but  the  i  inch  spark  of  an  induction  coil 
does  not  pass. 

Air  offers  a  greater  resistance  than  hydrogen  ;  a  spark  vibxOci  '^^^^^'^'^k  \e^ 
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hydrogen  across  a  distance  of  5*6  mm.  will  only  strike  across  a  distance  of 
3  mm.  in  air. 

In  air  at  a  pressure  of  62  mm.,  which  corresponds  to  an  atmospheric 
height  of  12-4  miles,  the  electric  discharge  has  the  carmine  tint  so  often  seen 
in  the  display  of  the  aurora  borealis  (991) ;  at  a  pressure  of  1-5  nmi.,  corre- 
sponding to  a  height  of  30'96  miles,  it  is  salmon-coloured,  and  at  a  pressure 
of  o'8  mm.,  representing  a  height  of  33*96  miles,  it  is  of  a  pale  white.  Under 
a  pressure  of  0*379  mm.  the  discharge  has  the  greatest  brilliancy,  'this 
represents  a  height  of  37*67  miles,  and  would  be  visible  at  a  distance  of  585 
miles  ;  it  is  probably  the  upper  limit  of  the  height,  though  on  the  other  hand 
it  is  possible  that  the  discharge  may  sometimes  take  place  at  a  height  of  a 
few  thousand  feet. 

927.  CrookeB*B  experiments. — Dr.  Crookes  has  made  a  remarkable 
series  of  experiments  on  the  phenomena  produced  when  the  electrical  dis- 
charge is  produced  in  tubes  very  highly  esdiausted,  that  is,  beyond  the  point 
at  which  the  best  effects  of  the  stratification  are  produced.  This  condition  is 
regarded  by  him  as  an  ultragaseous  state  of  matter,  in  which  the  molecules 
traverse  relatively  great  spaces  without  impinging  on  each  other,  and  thus 
each  individual  molecule  is  more  influenced  by  the  action  of  external  forces 
(294).  The  mean  wave  length  is  no  longer  infinitely  small  in  comparison 
with  the  dimensions  of  the  vessel.  Any  adequate  account  of  these  experi- 
ments, which  are  of  singular  beauty,  would  require  an  amount  of  space  and 
of  illustration  inconsistent  with  the  design  of  this  work  ;  and  it  must  be 
added  that  the  theoretical  views  to  which  Dr.  Crookes  was  led  by  his  ex- 
periments have  met  with  a  considerable  degree  of  criticism. 

928.  Rotation  of  induced  ourrents  by  magnets. — De  la  Rive  devised 
an  experiment  which  shows  in  a  most  ingenious  manner  that  magnets  act  on 
the  light  in  Geissler's  tubes  in  accordance  with  the  laws  with  which  they 
act  on  any  other  movable  conductor. 

This  apparatus  consists  of  a  glass  globe  or  electrical  ^g'g  (fig.  842),  pro- 
vided at  one  end  with  two  stopcocks,  one  of  which  can  be  screwed  on  the 
air-pump,  and  the  other,  which  is  a  stopcock  like  that  of  Gay  Lussac  (383), 
serves  to  introduce  a  few  drops  of  the  liquid  into  the  globe.  At  the  other 
end  a  tubulure  is  cemented,  through  which  passes  a  rod  of  soft  iron  about 
*  of  an  inch  in  diameter,  the  top  of  which  is  about  the  centre  of  the  globe. 
Except  at  the  two  ends,  this  rod  is  entirely  covered  with  a  ver>'  thick  insu- 
lating layer  of  shellac,  then  with  a  glass  tube  also  coated  with  shellac, 
and  finally  with  another  glass  tube  uniformly  coated  with  a  layer  of  wax. 
This  insulating  layer  must  be  at  least  §  of  an  inch  thick.  Inside  the  globe, 
the  insulating  layer  is  surrounded  at  x  with  a  copper  ring,  connected  with 
a  binding  screw,  c^  by  means  of  a  copper  wire. 

The  vessel  having  been  exhausted  as  completely  as  possible,  a  few  drops 
of  ether  or  of  turpentine  are  introduced  by  means  of  the  stopcock  a\  it  is 
again  exhausted,  so  that  the  vapour  remaining  is  highly  rarefied. 

A  thick  disc  of  soft  iron,  o^  provided  with  a  binding  screw,  is  then  placed 
on  one  of  the  branches  of  a  powerful  electromagnet,  and  the  end  ///  of  the 
rod  ;///;  is  placed  on  this  disc,  while  at  the  same  time  one  of  the  ends  of  the 
secondary  wire  of  RuhmkorfiPs  coil  is  connected  with  the  binding  screw,  ^, 
and  the  other  wkYv  ihekuob  0.    If  then  the  coil  is  worked  without  setting  in 
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action  the  electromagnet,  the  eleLtriciiy  of  the 
the  soft  iron  rod,  and  that  of  ihc  second 
less  irregular  lumi- 
nous sheaf  appears 
on  the  inside  of  the 
globe     round     the 
rod,  as  in  the  ex- 
periment    of     the 
electric  egg. 

Qut  if  a  voltaic 
current  passes  into 
the  electromagnet, 
the  phenomenon  is 
different  ;  instead 
of  starting  from 
different  points  of 
the  upper  surface 
«,  and  the  ring  x, 
the  light  is  con- 
densed and  emits 
a  single    luminous 


Further,  and  this  is 
the  most  remark- 
able part  of  the  ex- 
periment, this  arc 
turns  slowly  round 
magnetised 

1,  and  sometimes 

I  another,  according 

n  of  the  magneCisn 

ph. 


the  direction  of  the  induced  current,  or  the  direc- 
As  soon  as  the  magnetism  ceases  the  luminous 
;  original  appearance. 
This  experiment  is  remarkable  as  having  been  devised  <\  priori  by  De  la 
Rive  10  explain,  by  Ihc  influence  of  terrestrial  magnetism,  a  kind  of  rotatory 
motion  from  east  to  west,  observed  in  the  aurora  borcalis.  The  rotation  of 
the  luminous  arc  in  the  above  cxperimeni  can  evidently  be  referred  to  the 
rotation  of  currents  by  magnets  (36S). 

Gcissler  has  constructed  a  verj-  useful  form  of  the  above  experiment,  in 
hich  the  globe  is  exhausted  once  for  all.  Apart  from  the  purpose  for  which 
originally  devised,  it   is   a  very  convenient   arrangement  for  demon- 
strating the  action  of  magnets  on  movable  currents. 

HeAt  daveloped  br  tbe  Indaotton  «rpowerfU  mscneu  on  bodlaa 

on.^Wc  ha\-e  already  seen  in  Arago's  experiments  (914)  that  a  rota- 

ing  copper  disc  acts  at  a  distance  on  a  magnetic  needle,  communicalinglo  it 

rotatory  motion.     We  shall   presently  see  that  a  cube  of  copper,  rotating 

[with  great  velocity,  is  suddenly  slopped  by  the  influence  of  the  poles  of  two 

strong  magnets  (958).     It  is  clear  that  in  order  to  pievcw.  V\ve  ^'      " 
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needle  or  or  the  copper,  a  ceitain  mechanical  force  must  be  consumed  in 
overcomiDg  ihe  resistance  which  arises  (rorn  the  inductive  action  of  the  mag- 
net. Reasoning  upon  the  theory  of  the  transformation  of  mechanical  work 
into  heat  (497)i  't  has  been  attempted  to  ascertain  what  quantity  of  heal 
is  developed  by  the  action  of  induced  currents  under  the  influence  of  power- 
ful magnets.  Joule,  with  a  view  of  determining  the  mechanical  equii-aleni 
of  heal,  coiled  a  quantity  of  copper  wire  round  a  cylinder  of  soft  iron,  and 
having  enclosed  the  whole  in  a.  glass  tube  full  of  water,  he  imparted  to  the 
system  a  rapid  rotation  between  the  branches  of  an  electromagnet.  A  ther- 
mometer placed  in  the  liquid  served  to  measure  the  quantity  of  heat  pro- 
duced by  the  induced  currents  in  the  soft  iron  and  the  wire  round  iL  It  was 
thus  found  that  the  heat  developed  was  proportional  to  the  square  of  the 
magnetism  evoked,  and  was  equivalent  to  the  work  used  in  the  rotation. 

Foucault  made  a  remarkable  experiment  by  means  of  the  apparatus 
represented  in  fig.  843.  It  consists  of  a  powerful  elearomagnet  ii\tA 
horizontally  on  a  table.  Two  pieces  of  soft  iron,  A  and  B,  are  in  contact 
with  the  poles  of  the  magnet,  and  becoming  magnetised  by  induction, 
ihey  concentrate  their  magnetic  inductive  action  on  the  two  faces  of  a 
copper   disc.    D,  3    inches  in  diameter,  and  a  quarter  of  an    inch  t 


this  disc  partly  projects  between  the  pieces  A  and  B,  and  can  be  moved  by 
means  of  a  handle  and  a  series  of  toothed  wheels  with  a  velocity  of  150  to 

;oo  turns  in  a  second. 

So  long  as  the  current  does  not  pass  through  the  wire  of  the  electro- 
magnet, very  little  resistance  is  ejiperienced  in  turning  the  handle,  and 
when  once  it  has  begun  to  rotate  rapidly,  and  is  left  to  itself,  the  rotation 
continues  in  virtue  of  the  acquired  velocity.  But  if  the  current  passes,  the 
disc  and  other  pieces  stop  almost  instantaneously ;  and  if  the  handle  ii 
turned  considerable  resistance  is  felt.  If,  in  spite  of  this,  the  rotation  he 
f  onlinued,  the  foice  used  is  transformed  into  heat,  and  the  disc  b 


c  bec<m|^^ 
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made  by  Foucault  the 

rreiH  being  fonned  by 

■-  such  that  the 

thus  produced  in  solid 

often  spoken  of  as  Foucault 


healed  lo  a  remarkable  extent.  In  an  exp 
temperature  of  the  disc  rose  from  io°  to  61 
three  of  Bunsen"s  elements  ;  with  six  th 
rotation  could  not  long  be  continued.  The 
conductors  and  which  are  converted  into  heal, 
currents. 

930.  Tbe  Teiepbone.^To  the  number  of  instruments  depending  on  in- 
duction, tnay  be  added  this  discovery,  which  is  equally  remarkable  for  the 
surprising  character  of  the  results  which  it  produces,  and  for  the  sim- 
plicity of  the  means  by  which  they  are  produced.  Fig.  844  represents  a 
perspective,  and  tig.  845  a  section,  of  the  latest  form  of  telephone  as  improved 
by  its  inventor,  Mr.  Graham  ISell. 

ntially  of  a  steel  magnet  of  about  4  inches  in  length  by 


inclosed  in  a  wooden 
t  bobbin  BB  of  fine 
'or  a  magnet  of  this 
itres  of  No.  38  wire, 
f  350  ohms,  is   well 


half  an  inch  in  diajneter,  enclosed  in  a  wooden  case.     Round  one  end  of  this 
magnet  is  fitted  a  Ibin  fi\ 
insulated  copper  wire. 
si^e  a  length  of  250  me 
offering  a  resistance 

The  ends  of  this  coil  pass  through  longi. 
tudinal  holes,  LL,  in  the  case,  and  are  con- 
nected with  the  binding  screws  CC,  In  from 
of  the  magnet  and  at  a  distance  which  can 
be  regulated  by  a  screw  S,but  which  is  some- 
thing less  than  a  millimetre,  is  the  essential 
feature  of  the  instrument,  a  diaphragm  1)  of 
soft  iron,  not  much  thicker  than  a  sheet  of 
stout  letter  paper.  This  diaphragm  is  screwed 
down  by  the  mouthpiece  E,  which  is  similar 
to,  though  somewhat  larger  than  that  of  a 
stethoscope. 

The  instruments  are  connected  by  wires, 
for  one  of  which  the  earth  may  be  substituted, 
as  in  ordinary  telegraphic  communication 
(886),  Each  instrument  can  be  used  either 
as  sender  or  receiver,  though  in  actual  prac- 
tice it  is  more  convenient  for  each  operator 
to  have  two  telephones,  one  of  which  is 
held  to  the  ear,  while  the  other  is  used  for 
speaking  into  ;  the   latter   being   larger  and  Fig.  844. 

more  powerful  than  the  receiver. 

The  action  of  the  instrument  depends  on  the  fact  that  whenever  the 
relative  positions  of  a  magnet  and  of  a  closed  coil  of  wire  are  altered  there 
is  produced  within  the  coil  a  current  or  currents  of  electricity.  This  may 
be  illustrated  by  reference  to  fig.  796,  When  the  magnet  is  suddenly 
brought  into  the  coil  a  current  is  produced  in  the  coil  in  a  particular 
direction.  There  is  no  current  so  long  as  the  coil  and  the  magnet  ara 
stationary.  When,  however,  the  magnet  is  suddenly  withdrawn,  a  current 
is   produced  in   the  opposite   direction.       Similar  effects   !■;«  ^^ciivs.'^ti*^ 


ay 

nt  ^H 
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while  the  magnet  is  in  the  coil,  its  magnetism  is  by  any  means  increased 
or  diminished. 

Now  in  the  telephone  the  magnet  and  the  coil,  when  once  properly 
adjusted,  remain  fixed.  But  the  magnet  M  magnetises  by  induction  the 
soft  iron  membrane  D  in  front  of  it,  that  is,  converts  it  into  a  magnet 
When,  by  the  mouthpiece  being  spoken  into,  this  iron  membrane  vibrates 
backwards  and  forwards,  these  vibrations  gi%'e  rise  to  an  alteration  in  the 
magnetism  of  the  permanent  magnet,  the  efTccI  of  which  is  that  currents 
are  produced  in  alternate  directions  in  the  coil  surrounding  the  pole. 
Moreover,  the  alteration  in  the  relative  positions  of  the  magnetised  dia- 
phragm, thus  magnetised  by  induction,  and  of  the  coil,  give  rise  to  currents 
in  the  same  direction  as  the  above.  These  alternating  currents  being 
transmitted  through  the  circuit  to  the  distant  coil,  alternately  attract,  and 
cease  to  attract,  the  corresponding  diaphragm.    They  thereby  put  this  in 


Fig.  Bis. 

\'ibraiion,  and  when  the  mouthpiece  of  this  telephone  is  held  to  the  ear, 
these  \ibrations  are  perceived  as  sound  corresponding  to  that  which  is 
transmitted.  Hence,  whatever  sound  produces  the  vibration  of  the  dia- 
phragm of  the  sending  instrument  is  repeated  by  that  of  the  receiver. 

The  reproduction  of  the  sound  in  the  receiving  instrument  is  perfect  as 
far  as  articulation  is  concerned,  but  it  is  considerably  enfeebled,  as  might  be 
expected.  The  sound  has  soniething  of  a  metallic  character,  appearing  as 
if  heard  through  a  long  length  of  tubing,  while  it  faithfully  reproduces  the 
characteristics  of  the  person  speaking.  It  does  not  result  from  a  series  of 
sliarp  and  distinct  makes  and  breaks,  but  in  each  of  the  momentary  currents 
there  is  a  continuous  rise  and  fall,  corresponding  in  every  gradation  and 
inflexion,  to  the  motion  of  the  air  agitated  by  the  speaker. 

■\'arious  attempts  have  been  made  to  improve  the  loudness  of  the  sounds 
produced  in  the  telephone,  by  varying  the  form  of  the  various  parts,  and 
using  more  powerful  magnets  of  horseshoe  and  circular  forms  ;  but  experi- 
ment shows  that  increased  loudness  is  always  produced  at  the  expense  of 
distinctness  of  articulation. 

The  amplitude  of  the  vibration  of  the  disc  is  extremely  small.  According 
to  Bosschn  a  unit  current  produced  a  displacement  of  0-034  of  a  mm.,  and  as 
currents  of  j^';,^  of  this  are  perceptible,  it  follows  that  the  amount  of  displace- 
ment must  be  about  the  ^J^th  of  the  wave-length  of  yellow  light  {637). 

The  current  in  a  \e\cp'noivc  is  estimated  by  De  la  Rue  as  not  exceeding 
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that  which  would  be  produced  by  one  Daniell's  cell  in  a  circuit  of  copper 
wire  4  mm.  in  diameter  of  a  length  sufficient  to  go  290  times  round  the  earth. 
This  current  would  have  to  pass  19  years  through  a  voltameter,  to  produce 
I  C.C.  of  detonating  gas.  This  is  about  1000  million  times  less  than  the 
currents  in  ordinary  use.  Such  currents  are,  however,  sufficient  to  cause 
the  contraction  of  a  frog's  leg  (797). 

Siemens  estimates  that  not  more  than  ^o^oo  ^^  ^^^  mass  of  sound  which 
the  sender  receives  is  produced.  That  it  is  possible  to  perceive  this,  is  due 
to  the  great  sensitiveness  and  range  of  the  ear,  which  can  endure  the  sound 
of  a  cannon  at  a  distance  of  5  yards,  and  still  perceives  it  at  a  distance 
10,000  times  as  great.  This  represents  a  ratio  of  intensities  of  one  to  one 
hundred  millions. 

From  some  experiments  on  the  transmission  of  the  sound  of  a  high- 
pitched  tuning-fork  (251)  Rontgen  concludes  that  no  less  than  24.000  currents 
are  transmitted  in  one  second. 

This  extreme  delicacy  of  the  telephone  is  its  drawback  to  speaking 
through  ordinary  telegraph  circuits.  The  currents  in  adjacent  wires,  the 
vibration  of  the  posts  and  of  the  insulators,  or  the  passage  of  a  cart  over 
the  streets,  acts  by  induction  on  the  telephone  circuit,  and  overpowers  its 
indications.  When  a  telephone  circuit  was  placed  at  a  distance  of  20  metres 
from  a  well-insulated  line,  through  which  signals  were  sent  by  means  of  a 
battery  of  a  few  elements,  sounds  were  distinctly  heard  in  the  telephone. 
Speaking  under  such  circumstances  is  like  speaking  in  a  storm.  The 
powerful  currents  used  for  systems  of  electric  lighting  produce  such  a  roar 
in  an  adjacent  telephone  circuit  that  it  is  impossible  to  speak  through  the 
telephone.  The  only  effective  way  of  diminishing  the  inductive  action  of 
adjacent  systems  is  to  have  two  wires  in  close  proximity  to  each  other. 
They  are  thus  at  the  same  distance  from  the  inducing  circuit,  and  as  one  of 
the  wires  is  used  for  going  and  the  other  for  returning,  the  similar  influences 
must  be  in  opposite  directions,  and  therefore  neutralise  each  other. 

If  a  telephone  is  inserted  in  the  circuit  of  a  Morse's  instrument,  the 
sound  of  the  working  is  heard,  and  the  messages  can  be  read ;  this  is  the 
case  also  of  the  telephone  in  the  branch  circuit  of  a  Morse.  If  the  tele- 
phone is  joined  up  with  the  primary,  and  another  with  the  secondary  wire 
of  an  induction  coil  communication  is  almost  as  good  as  if  the  two  apparatus 
were  directly  united. 

Telephones  have  been  constructed  in  which  the  thin  iron  plate  is  re- 
placed by  a  thicker  one,  or  by  an  unmagnetic  one ;  or  if  the  telephone  is 
held  close  to  the  ear,  the  plate  can  be  dispensed  with  altogether.  In  the 
latter  two  cases  the  sounds  are  only  perceived  when  the  spira  surrounding 
the  magnet  can  vibrate  with  it. 

A  telephone  may  be  constructed  with  a  rod  of  soft  iron  instead  of  a 
magnet ;  when  the  rod  is  held  in  the  line  of  dip,  and  the  mouthpiece  is  simg 
into,  the  sounds  are  reproduced. 

From  its  extreme  sensitiveness,  being  perhaps  the  most  delicate  galvano- 
scope  we  possess,  the  telephone  has  become  of  great  service  in  scientific 
reyarch.  It  may  be  used  instead  of  a  galvanometer  in  a  Wheatstone's 
bndge.  If  inserted  in  either  of  the  circuits  of  an  induction  coil,  the 
number  of  breaks  can  be  determined  from  the  height  of  the  tone  which  U 
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produced.  When  inserted  in  the  current  of  a  Hold's  machine,  the  disc  irf 
which  is  rotating  with  a  uniform  velocity,  the  height  of  the  note  varies  with 
the  resistance  of  the  circuit,  and  with  the  capacity  of  the  condensers.  It 
can  be  shown  also  that  the  circumstances  most  favourable  for  the  production 
of  a  most  distinct  stratification  in  a  Geisslei's  tube  correspond  to  a  definite 
pitch  in  the  telephone. 

The  telephone  has  been  used  to  test  hardness  of  hearing.  If  the  mag- 
netism of  a  telephone  be  excited  by  galvanic  currents  which  are  made  inter- 
mittent bya  vibrating  tuning-fork,  and  if  a  telephone  is  inserted  in  a  branch 
circuit  (961),  then  by  varying  the  strength  of  the  principal  current,  by  the 
insertion  of  resistances,  the  strength  of  the  sounds  in  the  telephone  may 
be  varied  at  will. 

When  a  telephone  is  held  to  the  ear  during  a  thunder  stonn,  every  light- 
ning flash  in  the  sky  is  simultaneously  heard  to  be  accompanied  by  a  sharp 

931.  Tbe  mtoropbone. — When  the  wires  of  an  electrical  circuit,  in  which 
is  interposed  a  telephone,  are  broken,  and  rest  loosely  on  each  other,  sounds 
produced  near  the  point  of  contact 
are  reproduced  and  magnified  in 

the  telephone.     The  OTiVn^Afn*,  in- 
vented by  Prof  Hughes,  depends  on 
this  fact ;  its  arrangement  may  b« 
greatly  varied  ;  one  of  the  simplest 
and  most  convenient  forms  is  that 
represented  in  figure  846.     A  piece 
of  thin  wood  is  fitted  vertically  on  a 
base   of    the   same    material  ;   two 
small  rods  of  gas  carbon  c  c,  about 
\  of  an  inch    thick  are  fixed  hari- 
^zontallyin  the  upright  ;  bymeansof 
binding  screws,  they  are  in  metallic 
connection  with  the  wires  of  a  cir- 
cuit in  which  is  a  small  battery  and 
a  telephone  ;  and  in  each  of  them 
-ne  material,  and  about  one  inch  long, 
sts  in  the  lower  cavity,  while  the  other 
When  a  watch  is  placed  on  the  base  B,  its 
with  surprising  loudness  ;  the  walking  of 


Fig.  8*6. 


is  a  cavity,     A  third  piece  D  of  the  ; 
is  pointed  at  each  end,  one  of  which 
pivots  loosely  in  the  upper  on 
licking  is  heard  in  the  telcphi 

a  fly  on  the  base  suggests  the  stamping  of  a  horse  ;  the  scratching  of  a 
quill,  the  rustling  of  silk,  the  beating  of  the  pulse,  are  perceived  in  the 
telephone  at  a  distance  of  a  hundred  miles  from  the  source  of  sound ;  while 
a  drop  of  water  falling  on  the  base  has  a  loud  crashing  sound.  To  obtain 
the  best  results  with  a  particular  instrument,  the  position  of  the  carbon  must 
be  carefully  adjusted  by  trial  ;  and  indeed  the  form  of  the  instrument  itself 
must  be  variously  modified  for  the  special  object  in  view  ;  in  some  cases 
great  sensitiveness  is  required  ;  in  others  great  range.  In  order  to  eliminate 
as  far  as  possible  the  efiect  of  accidental  vibrations  due  to  the  supports,  the 
base  should  rest  on  pieces  of  vulcanised  tubing,  or  on  wadding. 

It  is  known  that  the  compression  of  a  semiconductor,  such  as  carbon, 
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diminishes  its  resistance,  while  a  diminution  in  the  compression  in- 
creases the  resistance.  The  action  of  the  microphone  is  to  be  ascribed 
to  this  ;  in  consequence  of  the  minute  alterations  in  the  pressure  and  in  the 
degree  of  contact  at  the  break,  the  electrical  resistance  in  ihe  circuit  varies 
in  accordance  with  the  sound  waves,  and  consequently  the  strength  of  the 
s  varies  too.  The  result  of  this  is,  that  what  we  may  call  undulating 
s  of  elcctriciiy  are  produced,  whose  amplitude,  height,  and  form 
are  in  exact  correspondence  with  the  sound  waves.  The  efTect  of  the  micro- 
phone is  to  draw  supplies  of  energy  from  ihe  battery,  which  then  appear  in 
the  telephone. 

932.  HaKbaB'flittdnaUonbAlBnea. — The  principle  of  this  apparatus  may 
be  thus  stated  ; — Suppose  we  have  two  exactly  equal  primary  induction  coils 
A  and  A,,  and  near  them  two  secondary  coils  B  and  B,  also  exactly  equal, 
and  connected  up  with  a  galvanometer,  so  that  the  coils  act  upon  it  in 
opposite  directions.  If  now  the  current  of  a  battery  be  sent  through  the 
primary  coils,  joined  in  series,  the  inductive  effects  on  each  of  the  secondary 
coils  will  be  (he  same,  and,  as  their  action  on  the  galvanometer  is  opposed, 
no  deflection  of  the  needle  will  be  produced.  If,  however,  a  piece  of  iron 
be  introduced  into  the 
core  of  one  of  the  secon 
dary  coils,  the  equalit)  n 
the  induction  effects  will 
be  destroyed  and  [he 
needle  of  the  gaUano 
meter  at  once  deflected 

This  principle  uas  first 
applied  by  Babble 
Herschell,  and  n  a  special 
apparatus  by  Do\e  but 
the  microphone  and  the 
telephone  have  led  the 
inventor  of  the  former  to 
the  invention  of  an  appa- 
ratus which  has  opened 
out  new  possibilities,  and 
has  placed  in  the  hands 
of  the  physicist  an  ele- 
gant and  powerful  engine 
of  research,  which  in  cer- 
tain departments  of  in- 
vestigation promises  to  be 
of  great  service. 

The  form  of  instru- 
ment as  devised  by  Pro- 
fessor Hughes  is  repre- 
sented in  fig.  847,  where 
the  essential  parts  are  drawn  to  scale,  though  the  relative  distances  of  the 
parts  are  not  so ;  a  and  a'  are  the  two  primary  coils,  each  of  which  consists 
of  100  metres  of  No.  32  silk-covered  copper  wire  (o-ooq  itv  ditKOML^i'^  ■wu'iti.i 
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on  a  flat  boxwood  spool  lo  inches  in  depth  ;  b  and  1/  are  two  secondary 
coils,  all  four  coils  being,  in  intention  at  least,  exactly  alike.  The  two 
primary  coils  are  joined  in  series  with  a  battery  of  three  or  four  small 
Daniell's  cells,  in  which  circuit  a  microphone  m  is  also  inserted  ;  the  ticking 
of  a  small  clock  on  the  table  acts  as  make  and  break. 

The  secondar>'  coils  are  joined  up  with  a  telephone  in  such  a  manner 
that  their  action  upon  it  is  opposed. 

Now,  whatever  care  be  taken  in  winding  the  wire  on  the  coils,  it  is  not 
possible  to  get  at  the  outset  an  exact  balance.  Hence,  while  one  of  the 
secondary  coils  ^  is  at  a  fixed  distance  from  «,  the  corresponding  one  1/  is 
not  so  ;  its  distance  from  a!  can  be  slightly  modified  by  means  of  a  micro- 
metric  screw,  and  thus,  connection  with  the  battery  circuit  having  been 
made,  a  balance  is  obtained  by  slightly  varying  the  adjustment,  and  the 
accomplishment  of  this  is  known  by  there  being  silence  in  the  telephone. 
But  if  now  any  metal  whatever  be  introduced  in  one  of  the  secondary 
coils,  a  sound  is  at  once  heard. 

This  arrangement  is  so  far  a  simple  differential  one,  and  furnishes  as 
yet  no  means  of  measuring  the  forces  brought  into  play,  and  for  this 
purpose  Hughes  uses  what  is  called  a  sonometer  or  audiotneter.  This  con- 
sists of  three  similar  coils,  c  d  and  ^,  placed  vertically  on  a  horizontal 
graduated  rule  along  which  d  can  be  moved.  By  means  of  a  switching 
key^  or  commutator^  the  primary'  coils  c  and  e  can  be  put  in  communication 
with  the  battery  and  microphone  circuit  quite  independently  of  the  balance, 
and  it  is  so  arranged  that  the  ends  of  the  coils  c  and  e  facing  each  other 
are  of  the  same  polarity  ;  the  third  coil  d^  the  secondary  one,  is  conneaed 
with  the  telephone  circuit. 

If  these  primary  coils  c  and  e  were  quite  equal,  then,  when  connected  up 
with  the  battery  circuit,  no  sound  would  be  heard  in  the  telephone,  when  the 
secondary  d  is  exactly  midway  between  them.  But  as  the  coil  is  moved 
from  this  position  either  towards  r  or  6'  a  sound  is  heard,  due  to  the  prepon- 
derance of  one  or  the  other.  In  practice  the  coils  are  so  arranged  that  a 
balance  is  obtained  when  the  secondary  circuit  is  near  one  of  the  coils,  c  for 
instance  ;  this  represents  a  zero  of  sound,  and  as  the  coil  d  is  moved  nearer 
to  €  a  sound  of  gradually  increasing  intensity  is  heard  ;  distances  measured 
off  along  this  scale  represent  values  of  sound  on  an  arbitrary  scale. 

Suppose  now  that  a  balance  has  been  obtained  in  the  induction  balance, 
and  that  the  coil  d  in  the  sonometer  is  at  zero  ;  no  sound  is  then  heard 
in  the  telephone  when  the  current  is  switched  either  in  one  or  the  other 
circuit.  But  if  the  balance  is  disturbed  by  placing  a  piece  of  metal  in  the 
core  of  b^  a  definite  continuous  sound  is  heard.  The  current  is  then  switched 
into  the  sonometer,  and  the  secondary  coil  c'is  moved  until  the  ear  perceives 
the  same  sound  in  both  circuits.  The  distance  then  along  which  the  coil  d 
has  been  moved  is  thus  an  arbitrary  measure  of  the  effect  produced. 

Although  by  the  switching  key  the  transition  from  one  circuit  to  the 
other  can  be  effected  with  great  rapidity,  and  the  ear  can  appreciate  minute 
differences,  this  has  not  the  value  of  a  null  method.  Hughes  has  still 
further  improved  the  balance  by  the  following  device,  in  which  the  sono- 
meter is  dispensed  with  : — A  graduated  strip  of  zinc  about  200  mm.  in  length 
by  25  mm.  wide,  and  lapetm^  ^toycv  ^  xVvxcktvess  of  4  mm.  at  one  end  to  a  fine 


t  the  other,  is  made  use  of.     The  metAl  to  be  tested  is  placed  i: 
plane  between  a  and  b  on  the  left  of  the  plate,  and  the  strip  is  moved  aloi^  I 
(he  top  of  b"  until  a  balance  Is  obtained. 

The  instrument  is  of  surprising  delicacy  ;  a  mitligrame  of  copper  o: 
'  e  introduced  into  one  of  the  coils  which  has  been  balanced,  c 
be  loudly  heard,  and  appreciated  by  direct  measurement.  If  two  shiltingi 
fresh  from  the  Mint  be  balanced,  rubbing  one  of  them  or  breathing  on  ' 
at  once  disturbs  the  balance.  A  false  coin  balanced  against  a  genuine  one 
is  at  once  detected.  The  instrument  furnishes  a  means  of  testing  the  deli- 
cacy of  hearing  ;  such  a  piece  of  wire  as  the  above,  or  a  line  spiral  of  copper, 
furnishes  a  kind  of  test  object  for  this  purpose. 

933.  TBiimeter.— This  instrument,  invented  by  Edison,  consists  essen- 
tially of  an  arrangement  by  which  a  disc  of  carbon  forming  part  of  a  voltaic 
circuit  is  exposed  to  varying  pressure.  It  depends  on  the  fact  that  the  re- 
sistance of  carbon  varies  very  greatly  with  the  pressure  to  which  it  Ie 


Fig.  s.a. 

posed.  It  consists  of  an  iron  base,  on  which  are  two  rigid  supports  (fig. 
848),  one  of  which,  a,  is  connected  with  the  galvanometer  g  by  means  of 
a  wire.  An  ebonite  disc  d  is  screwed  into  u,  and  in  a  circular  cavity  in 
this  ebonite  Is  a  small  carbon  disc,  not  shown  in  the  5gure,  in  the  outer 
surface  of  which  is  a  strip  of  platinum  in  metallic  connection  with  one  piolB  1 
of  an  element  /.  The  disc  of  carbon  is  closed  in  the  cavity  by  a  metal 
plug  C,  in  which  is  a  cavity.  There  is  a  similar  plug  e,  with  a  correspond- 
ing cavity  at  the  end  of  a  screw  6,  which  works  in  the  upright  support ;  in 
the  two  cavities  is  placed  the  strip  of  substance y,  with  which  the  experiment 

h  gentle  pressure  being  applied  by  the  screw,  the  needle  is  deflected 
through  a  few  degrees,  and  its  position,  when  it  comes  lo  rest,  is  noted. 
The  slightest  subsequent  contraction  or  expansion  is  indicated  by  a  deflec- 
tion of  the  needle  of  the  galvanometer. 

The  sensitiveness  of  the  instrument  is  very  great ;  a  thin  strip  of  ebonite 
is  expanded  by  the  heat  of  the  hand  held  near  it,  so  as  lo  affect  a  not  very 
delicate  galvanometer.     A  strip  of  gelatine,  inserted  instead  of  the  ebonite,   1 
is  expanded  by  the  moisture  of  a  damp  strip  of  paper  held  two  or  three  ^ 
inches  away. 
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The  apparatus  seems  well  adapted  for  the  qualitative  obsenratioii  of 
minute  changes  in  length  ;  it  has  been  used,  for  instance,  to  show  the  very 
small  elongation  of  an  iron  rod  when  it  is  magnetised  (880).  Great  care  is 
required  in  the  preparation  of  the  carbon  disc ;  the  best  kind  seems  to  be 
made  from  lampblack  prepared  at  a  low  temperature,  and  then  powerfully 
compressed  into  a  button. 

934.  Bdlson's  load-speaklnr  telopboiM. — ^Although  depending  on  a 
different  principle,  we  may  give  a  description  here  of  this  instrument. 

An  adjustable  metal  spring  passes  on  the  surfiEice  of  a  small  cylinder, 
made  of  chalk,  moistened  with  solutions  of  caustic  potash  and  acetate  of 
mercury ;  both  the  spring  and  the  cylinder  form  part  of  a  circuit  in  which 
is  a  battery  and  a  Reis's  transmitter  (884).  The  spring  is  connected  in  a 
suitable  manner  with  a  mica  disc  which  is  the  vibrating  part  of  a  mouth- 
piece like  that  of  an  ordinary  telephone.  The  cylinder  can  be  turned  at  a 
uniform  rate,  either  by  hand,  or  by  an  automatic  clockwork  arrangement 

Now  while  the  spring  is  pressing  on  the  cylinder,  if  the  latter  be  rotated 
m  a  direction  away  from  the  mouthpiece,  in  consequence  of  the  friction 
between  the  spring  and  the  surface  of  the  cylinder,  a  certain  pull  will  be 
exerted  on  the  disc,  which  will  tend  to  drag  it  outwards.  If  the  direction  of 
rotation  were  the  opposite,  the  disc  would  be  pushed  inwards.  Now  the 
amount  of  pull  or  push  will  depend  on  the  friction  between  the  point  and 
the  surface.  If  a  momentary  current  be  passed,  there  will  be  a  momentary 
decomposition  at  the  surface  of  the  cylinder,  its  friction  will  be  altered  in 
consequence  of  this  momentar>'  decomposition,  the  effect  of  which  is  that 
the  disc  moves  inwards,  and  a  series  of  such  intermissions  of  the  current 
produces  a  corresponding  series  of  pulsations  of  the  disc,  which  if  sufficiently 
rapid  produce  a  sound.  The  friction  6f  the  surfaces  in  contact  is  in  fact 
modified  by  means  of  electrical  decomposition,  a  lubricator  is  liberated  in 
correspondence  with  the  sound  waves,  and  thus  the  sound  which  they  repre- 
sent is  reproduced.  The  reproduction  is  so  loud  as  to  be  heard  throughout 
a  room,  the  sounding  instrument  being  at  a  distance.  Although  ordinary 
speech  and  music  can  thus  be  transmitted,  yet  the  sounds  have  a  harsh 
metallic  character  which  is  not  pleasing,  but  at  the  same  time  the  individual 
character  of  the  voice  is  preser\'ed. 
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935'  OpUoal  eSeota  of  powerful  itttvoeM. — Faraday  observed,  in  1845, 
thai  a  powerful  electromagnet  exercises  an  action  on  many  substances,  such 
that  if  a  polarised  ray  traverses  them  in  the  direction  of  the  line  of  the  mag- 
netic poles,  the  plane  of  polarisation  is  deviated  either  10  the  right  or  to  the 
left  according  to  the  direction  of  the  magnetisation. 

Fig.  349  represents  Faraday's  apparatus,  as  constructed  by  Ruhmkodl^ 
*o  very  powerful  electromagnets,  M  and  N,  fixed  on  two  iron 


supports,  UU',  «hicli  cm  be  mo\ed  on  1  support.  K,  Ihe  current  from  a 
battery  of  10  or  11  Bunsen  s  elements  passes  by  the  wire  A  10  the  cotnmu- 
taior  H,  the  coil  M,  and  then  to  the  coil  N,  by  the  wire  g,  descends  in  the 
wire  /,  passes  again  to  the  (.ommutdlor,  and  emerges  at  B.  The  two 
cylinders  of  soft  iron,  nhich  are  in  the  axis  of  the  coils,  are  perforated  by 
cylindrical  holes,  to  allow  the  luminous  rays  to  pass.  At  b  and  a  there  are 
two  Nicol's  prisms,  *  sen  ing  as  polanser  and  a  as  analyser.  By  means  of 
a  limb  this  latter  is  turned  round  the  centre  of  a  graduated  circle,  V. 

The  two  prisms  being  then  placed  so  that  their  principal  sections  are 
perpendicular  to  each  other,  the  prism  a  completely  extinguishes  the  light    | 
transmitted  through  the  prism  b.     If  at  <r,on  the  axis  of  the  two  coils,  a  plate    : 
be  placed  with  parallel  faces,  either  of  ordinary  or  flint  glass,  ligtit  is  «5Ji. 
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extinguished so  long  as  the  current  does  not  pass ;  but  when  the  communi- 
cations are  established,  the  light  reappears.  It  is  now  coloured,  and  if  the 
analyser  be  turned  from  left  or  right,  according  to  the  direction  of  the  cunent, 
the  light  passes  through  the  diflferent  tints  of  the  spectrum,  as  is  the  case  with 
plates  of  quartz  cut  perpendicularly  to  the  axis  (674).  Becquerel  showed 
that  a  large  number  of  substances  can  also  rotate  the  plane  of  polarisatioD 
under  the  influence  of  powerful  magnets.  Faraday  assumed  that  in  these 
experiments  the  rotation  of  the  plane  of  polarisation  was  due  to  an  action  of 
the  magnets  on  the  luminous  rays,  while  Biot  and  Becquerel  ascribed  the 
phenomena  to  a  molecular  action  of  the  magnet  on  the  transparent  bodies 
submitted  to  its  influence. 

936.  Pbotopbone. — Mr.  Graham  Bell,  the  inventor  of  the  telephone, 
has  invented  an  apparatus  by  which  articulate  speech  can  be  transmitted  to 
a  considerable  distance  by  the  simple  agency  of  a  ray  of  light. 

The  essential  features  of  the  apparatus  are  represented  in  fig.  850^  in 
which  m  is  the  transtnitter.  This  consists  of  a  wooden  box  closed  by  a 
thin  plate  of  microscope  glass  silvered  in  front,  which  acts  as  mirror ;  in  the 
back  of  the  box  is  an  aperture  provided  with  a  flexible  tube  and  mouthpiece. 


Fig.  850. 

A  powerful  beam  of  solar  or  of  the  electrical  light  falls  against  a  large 
mirror  //,  and  is  reflected  by  it  on  a  lens  b^  by  which  the  rays  are  concentrated 
on  the  mirror  ;;/  of  the  transmitter.  An  alum  cell  a  is  sometimes  interposed 
to  cut  off  the  influence  of  the  heating  rays. 

From  the  mirror  ;;/  the  reflected  rays  pass  through  a  lens  /  by  which  they 
are  rendered  parallel,  and  fall  on  a  parabolic  mirror/  at  the  distant  station. 
Here  they  are  concentrated  on  what  may  be  called  a  selenium  rlieostaUy  J, 
which  is  interposed  in  a  circuit  consisting  of  a  few  Leclanchc^  cells  and  a 
telephone  /. 

The  action  depends  on  the  alterations  in  the  resistance  of  selenium 
produced  by  the  action  of  light.  The  construction  of  the  rheostate  is  as 
follows  :— A  number  of  discs  of  thin  sheet  brass  are  taken,  separated  firom 
each  other  by  thin  discs  of  mica  of  somewhat  smaller  diameter,  and,  the 
whole  having  been  l\g,\\\\^  screwed  together,  the  interstitial  spaces  are  filled 
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with  melted  selenium.  All  the  odd  numbers  of  brass  discs  are  in  metallic 
connection  with  each  other  and  with  one  pole  of  the  circuit,  and  all  the  even 
ones  are  also  in  metallic  connection  with  each  other,  and  with  the  other 
pole.  In  this  way  two  conditions  are  realised ;  namely,  that  the  surface  of 
selenium  exposed  to  the  action  of  light  is  as  large,  and  its  resistance  as  small, 
as  possible. 

This  being  premised,  when  light  falls  on  the  plane  mirror  at  rest,  its  rays 
are  reflected  parallel  against  the  parabolic  mirror  by  which  they  are  con- 
centrated on  the  cell,  the  cylindrical  shape  being  well  adapted  for  this. 
But  if,  by  being  spoken  against,  the  transmitting  mirror  m  is  put  in  vibration, 
it  bulges  in  and  out — that  is,  becomes  convex  and  concave — and  the  rays  no 
longer  fall  parallel  on  the  parabolic  mirror  ;  they  diverge  or  converge — in 
other  words,  the  whole  of  the  light  is  no  longer  concentrated  on  the  selenium 
cell ;  its  intensity  changes  at  every  instant,  and  these  variations  in  the  action 
of  the  light  produce  corresponding  variations  in  the  resistance  of  the  sele- 
nium, which  again  produce  corresponding  variations  in  the  strength  of  the 
current,  and  these  are  revealed  by  the  articulate  sounds  of  the  telephone. 

Mr.  Bell  has  found  that  a  great  number  of  substances  are  thrown  into 
vibration  by  the  intermittent  action  of  light,  as  we  have  seen  (446^).  Lord 
Rayleigh's  calculations  show  that  there  is  no  reason  for  discarding  the  ex- 
planation that  the  sounds  in  question  are  due  to  the  bending  of  the  plates  in 
consequence  of  unequal  heating. 

937.  Xerr's  eleetro-optical  experiments. — Dr.  Kerr  has  discovered  are- 
markable  relationship  between  electricity  and  light.  He  finds  that  when  certain 
dielectrics  are  subjected  to  a  state  of  electrical  strain,  they  develope  doubly 
refringent  properties  (639).  The  general  arrangement  of  the  experiments  is 
as  follows  :  a  cell,  P  (fig.  851),  is  suitably  constructed  of  stout  glass  plates, 
in  which  is  placed  the  liquid  under  examination ;  its  dimensions  are  4 
inches  in  length  by  i  inch  in  width,  and  about  |th  of  an  inch  in  thickness. 
Two  copper  plates  placed  horizontally,  and  kept  at  a  distance  of  about  j^jth 
of  an  inch,  can  be  connected  with  the  poles  of  a  Holtz's  machine  (fig.  633), 
or,  what  is  more  convenient,  with  the  opposite  coatings  of  a  Leyden  jar, 
which  in  turn  is  worked  by  such  a  machine.  B  is  the  mirror  of  a  heliostat, 
by  which  a  beam  of  light  may  be  sent  in  any  direction.  M  and  N  are  two 
Nicol's  prisms  (660) ;  C  is  a  compensator,  while  D  is  a  condensing  lens. 
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Fig.  851. 


Of  the  two  Nicol's  prisms,  M  serves  as  polariser,  and  N  as  analyser  (656) ; 
at  the  outset  they  are  arranged  so  that  their  principal  sections  are  at  right 
angles  to  each  other,  and  make  an  angle  of  45°  with  the  vertical.  Thus  the 
light  polarised  by  the  prism  M  is  extinguished  by  the  analyser  N,  so  that 
the  field  between  them  is  quite  dark,  and  remains  so  even  ^Vvwv  xJwt  ^'^SWs* 
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filled  with  liquid  ;  the  cell  is  so  arranged  that  the  observer  looks  through  the 
slit  of  dielectric  which  is  between  the  conductors  in  the  cell. 

If  now  the  plates  are  placed  in  opposite  electrical  conditions,  the  field  at 
once  becomes  clear.  Of  all  dielectrics  hitherto  examined,  carbon  bisulphide 
is  that  which  best  exhibits  the  phenomenon.  A  fraction  of  a  turn  of  a  Hour's 
machine  is  at  once  sufficient  to  produce  light  in  the  field,  which  disappears 
immediately  the  plates  are  discharged.  As  the  machine  is  worked  and  the 
potential  rises,  the  light  between  the  conductors  gradually  increases  in  bright- 
ness until  a  pure  and  brilliant  white  is  obtained ;  with  increase  of  potential 
a  fine  progression  of  chromatic  effects  is  obtained ;  the  luminous  band 
between  the  conductors  changes  first  from  white  to  a  straw-colour,  which 
deepens  gradually  to  a  rich  yellow ;  it  then  passes  through  orange  to  a  deep 
brown,  next  to  a  pure  and  dense  red,  through  purple  and  violet  to  a  rich  and 
full  blue,  and  then  to  green.  All  the  colours  are  beautifully  dense  and  pure, 
and  as  fine  as  anything  seen  in  experiments  with  crystals  in  the  polariscope. 
The  phenomenon  generally  ceases  at  the  green  of  the  second  order  with  a 
discharge  of  electric  sparks.  The  action  of  bisulphide  of  carbon  under 
electrical  strain  is  similar  to  that  of  glass  stretched  in  a  direction  parallel  to 
the  lines  of  force ;  it  is  an  action  of  the  same  kind  as  that  of  a  uniaxial  bi- 
refringent  crystal  (640) ;  in  this  respect  carbon  bisulphide  occupies  a  place 
among  dielectrics  similar  to  that  of  Iceland  spar  among  crystals. 

In  order  to  measure  the  effect  produced,  a  compensator,  C,  is  placed 
behind  the  cell  ;  the  plates  are  connected  with  a  Thomson's  electrometer 
in  such  a  manner  that  the  potential  can  be  directly  measured,  and  then 
compared  simultaneously  with  the  difference  of  the  path  of  the  extraordinary 
and  ordinar>'  ray  in  the  dielectric.  Kerr  arrived  thus  at  the  law  :  *  the  strength 
of  the  electro-optical  action  of  a  given  dielectric,  that  is,  the  difference  in  the 
path  of  the  ordinary  and  extraordinary  rays,  for  unit  thickness  of  the  di- 
electric, varies  directly  as  the  square  of  the  resultant  electrical  force.' 

938.  Biamagrnetism. — Coulomb  observed,  in  1802,  that  magnets  act  upon 
all  bodies  in  a  more  or  less  marked  degree  ;  this  action  was  at  first  attributed 
to  the  presence  of  ferruginous  particles.  Brugmann  also  found  that  certain 
bodies — for  instance,  bars  of  bismuth — when  suspended  between  the  poles  of 
a  powerful  magnet,  do  not  set  axially  between  the  poles,  that  is,  in  the  line 
joining  the  poles,  but  equatorially^  or  at  right  angles  to  that  line.  This 
phenomenon  was  explained  by  the  assumption  that  the  bodies  were 
transversely  magnetic.  Faraday  made  the  important  discovery  in  1845 
thati^i//  solids  and  liquids  which  he  examined  are  either  attracted  or  repelled 
by  a  powerful  electromagnet.  The  bodies  which  are  attracted  are  called 
magnetic  or  paramagnetic  substances,  and  those  which  are  repelled  are 
diavtagnciic  bodies.  Among  the  metals,  iron,  nickel,  cobalt,  manganese, 
platinum,  cerium,  osmium,  and  palladium  are  magnetic  ;  while  bismuth, 
antimony,  zinc,  tin,  mercury-,  lead,  silver,  copper,  gold,  and  arsenic  are 
diamagnetic,  bismuth  being  the  most  so  and  arsenic  the  least.  The  diamag- 
netic  effects  can  only  be  produced  by  means  of  very  powerful  magnets,  and 
it  is  by  means  of  Faraday's  apparatus  that  they  have  been  discovered  and 
studied.  In  experimenting  on  the  diamagnetic  effects — solids,  liquids,  and 
gases — armatures  of  soft  iron,  S  and  O  (figs.  852-854),  of  different  shapes 
are  screwed  on  the  ma^tvets. 


i.  Diamagnetiim  of  solids.  If  a  small  cube  of  copper  suspended  by  a 
fine  silk  thread  between  the  poles  of  the  magnet  (fig.  853),  be  in  rapid  rota- 
tion between  the  poles  of  an  electromagnet,  it  stops  the  moment  the  current 
passes  through  the  bobbins.     If  the  movable  piece  have  the  form  of  a  small 


rectangular  bar  it  sets  equatorially,  or  at  right  angles  to  the  axis  of  the  bob- 
bins, if  it  is  a  diamagnetic  substance,  such  as  bismuth,  antimony,  or  copper ; 
but  axially,  or  in  the  direction  of  the  axis,  if  it  is  a  magnetic  subslance,  such 
as  iron,  nickel,  or  cobalt.  Besides  the  substances  enumerated  above,  the 
following  are  diamagnetic ;  rock  crystal,  alum,  glass,  phosphorus,  iodine, 
sulphur,  sugar,  bread ;  and  the  following  are  magnetic  ;  many  kinds  of 
paper  and  sealing-wax,  fluorspar,  graphite,  charcoal,  &c, 

ii.  Diamagnetism  of  liquids.  To  experiment  with  liquids,  very  thin  glass 
tubes  tilled  with  the  substance  are  suspended  between  the  poles  instead  of 
the  cube  m  in  the  figure  853.  If  the  liquids  are  magnetic,  such  as  solutions 
of  Iron  or  cobalt,  the  tubes  set  axially  ;  if  diamagnelic,  like  water,  blood, 
milk,  alcohol,  ether,  oil  of  turpentine,  and  most  saline  solutions,  the  tubes  set 
equatorially.  Very  remarkable  changes  take  place  in  the  direction  of  mag- 
netic  and  diamagnetic  substances  when  they  are  suspended  in  liquids.  A 
magnetic  substance  is  indifferent  in  an  equally  strong  magnetic  liquid  ;  it  sets 
equatorially  in  a  stronger  magnetic  substance,  and  axially  in  a  substance 
which  is  less  strongly  magnetic  ;  it  sets  axially  in  all  diamagnetic  liquids. 

A  diamagnetic  substance  surrounded  by  a  magnetic  or  diiunngnetic  sub- 
stance sets  equatorially.  According  to  its  composition,  glass  is  sometimes 
magnetic  and  sometimes  diamagnetic,  and  as  glass  tubes  are  used  for  con- 
taining the  liquids  in  these  investigations,  its  deportment  must  first  be  deter- 
mined, and  then  taken  into  account  in  the  experiment. 

The  action  of  powerful  magnets  on  liquids  may  also  be  observed  in  the 
following  experiment  devised  by  Pliicker.  A  solution  of  a  magnetic  liquid 
is  placed  on  a  watch-glass  between  the  two  polos,  S  and  Q,  of  a  powerful 
electromagnet.  When  the  current  passes,  the  solution  forms  the  enlarge- 
ment represented  in  fig.  854  ;  this  continues  as  long  as  the  current  passes, 
and  is  produced  to  different  extents  with  all  magnetic  liquids.  The  changes 
in  the  aspects  of  the  liquids  are,  however,  so  small  as  to  require  careful 
scrutiny  to  detect  their  existence,  A  method  of  magnifying  these  change! 
so  as  to  render  (hem  visible  to  larger  audiences,  «as  devised  by  Pro£ 
Barrett.     A  source  of  light  is  placed  above  the  uaicb-gl; 
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of  the  solution  to  be  tried.  Below  the  watch-glass,  and  between  the  legs  of 
the  magnet,  is  placed  a  mirror  at  an  angle  of  45°.  By  this  means  the  beam 
of  light  passing  through  the  watch-glass  is  reflected  at  right  angles  on  to  a 
screen,  where  an  image  of  the  drop  is  focussed  by  a  lens.  If  now  a  drop  of 
diamagnetic  liquid,  such  as  water,  or,  better,  sulphuric  acid,  be  placed  on  the 
watch-glass,  as  soon  as  the  current  passes,  the  flattened  drop  retreats  from 
the  two  poles,  and  gathers  itself  up  into  a  little  heap,  as  at  A  (fig.  854).  So 
doing,  it  forms  a  double  convex  lens,  by  which  the  light  is  brought  to  a  short 
focus  below  the  drop,  an  effect  instantly  seen  on  the  screen.  When  the  current 
is  interrupted  the  drop  falls,  and  the  light  returns  to  its  former  appearance. 
A  magnetic  liquid,  such  as  a  solution  of  perchloride  of  iron,  has  exactly  the 
opposite  effect.  The  drop  attracted  to  the  two  poles  becomes  flattened,  and 
instead  of  a  plano-convex  shape,  at  which  it  rests,  it  becomes  nearly  concavo- 
convex  as  at  B.  The  light  is  dispersed,  and  the  effect  manifest  on  the  screen. 
Instead  of  a  mirror  and  lens,  a  sheet  of  white  paper  may  be  placed  in  an  in- 
clined position  under  the  watch-glass,  and  the  effects  are  somewhat  varied, 
but  equally  well-pronounced. 

iii.  Diamagnetism  of  gases,  Bancalari  observed  that  the  flame  of  a  candle 
placed  between  the  two  poles  in  Faraday's  apparatus  was  strongly  repelled 
(fij^.  852).  All  flames  present  the  same  phenomenon  to  different  extents, 
resinous  flames  or  smoke  being  most  powerfully  affected. 

The  magnetic  deportment  of  gases  may  be  exhibited  for  lecture  purposes 
by  inflating  soap  bubbles  with  them  between  the  poles  of  the  electromagnet, 
and  projecting  on  them  either  the  lime  or  the  electric  light. 

Faraday  experimented  on  the  magnetic  or  diamagnetic  nature  of  gases. 
He  allowed  gas  mixed  with  a  small  quantity  of  a  visible  gas  or  vapour,  so 
as  to  render  it  perceptible,  to  ascend  between  the  two  poles  of  a  magnet,  and 
observed  their  deflections  from  the  vertical  line  in  the  axial  or  equatorial 
direction  ;  in  this  way  he  found  that  oxygen  was  least,  nitrogen  more,  and 
hydrogen  most  diamagnetic.  With  iodine  vapour,  produced  by  placing  a 
little  iodine  on  a  hot  plate  between  the  two  poles,  the  repulsion  is  strongly 
marked.  Becquerel  found  that  oxygen  is  the  most  strongly  magnetic  of  all 
gases,  and  that  a  cubic  yard  of  this  gas  condensed  would  act  on  a  magnetic 
needle  like  5-5  grains  of  iron.  Faraday  found  that  oxygen,  although  magnetic 
under  ordinary  circumstances,  became  diamagnetic  when  the  temperature 
was  much  raised,  and  that  the  magnetism  or  diamagnetism  of  a  substance 
depends  on  the  medium  in  which  it  is  placed.  A  substance,  for  instance, 
which  is  magnetic  in  vacuo,  may  be  diamagnetic  in  air. 

In  the  crystallised  bodies  which  do  not  belong  to  the  regular  system,  the 
directions  in  which  the  magnetism  or  diamagnetism  of  a  body  is  most  easily 
excited  arc  generally  related  to  the  crystallographic  axis  of  the  substance. 
The  optic  axis  of  the  uniaxial  cr>-stals  sets  either  axially  or  equatorially  when 
a  crystal  is  suspended  between  the  poles  of  an  electromagnet.  Faraday  has 
assumed  from  this  the  existence  of  a  magne  to-crystal  line  force,  but  it  appean 
probable  from  Knoblauch's  researches,  that  the  action  arises  from  an  unequal 
density  in  different  directions,  inasmuch  as  unequal  pressure  in  different  direc- 
tions produces  the  same  result. 

According  to  Pliicker,  for  a  given  unit  of  magnetising  force,  the  specific 
magnetisms  developed  \t\  ec^ual  weights  of  the  undermentioned  substances 
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are  represented  by  the  following  numbers,  those  bodies  with  the  minus  signs 
prefixed  being  diamagnetic  : — 

Iron  ....  1,000,000  Nickel  oxide  .  .  .     287 

Cobalt       .        .  1,009,000  Water    .        .  •   —  25 

Nickel       .        .        .  465,800  Bismuth.        .  .  .   —23*6 

Iron  oxide         .        .  759  Phosphorus    .  .  .   - 13*1 

iv.  Detonation  produced  by  the  rupture  of  a  current  under  the  influence 
of  a  powerful  electrontagftet.  The  following  experiment  by  Ruhmkorff  is  a 
remarkable  effect  of  Faraday's  apparatus.  When  the  two  ends  of  a  stout  wire 
in  which  the  current  of  the  electromagnet  passes  are  placed  between  the 
two  poles,  S  and  Q,  of  fig.  852,  that  is  to  say,  when  the  current  is  closed 
between  S  and  Q,  this  closing  takes  place  without  a  spark  and  without  noise, 
or  merely  a  feeble  noise  and  a  spark.  But  when  the  two  ends  are  sepa- 
rated, and  the  current  is  hence  broken,  a  violent  noise  is  heard  almost  as 
strong  as  the  report  of  a  pistol.  This  appears  to  be  the  extra  current,  the 
intensity  of  which  is  greatly  increased  by  the  influence  of  two  poles. 

The  repulsion  produced  in  a  diamagnetic  body  under  the  influence  of  a 
powerful  magnet  is  due  to  the  fact  that  the  magnet  developes  in  the  end 
nearest  to  it  like  polarity,  and  in  the  end  furthest  away  unlike  polarity ;  a 
phenomenon  the  exact  opposite  of  that  of  iron. 

The  following  experiment,  which  is  due  to  Weber,  is  considered  to  prove 
that  diamagnetism  is  a  polar  force.  A  coil  was  placed  near  the  end  of  an 
electromagnet,  its  axis  being  in  the  prolongation  of  the  axis  of  the  magnet, 
and  its  ends  being  connected  with  a  sensitive  galvanometer.  When  a  bar 
of  bismuth  was  suddenly  introduced  and  removed  from  the  coil,  induction 
currents  were  produced  in  the  circuit,  the  direction  of  which,  as  shown  by 
the  galvanometer,  was  the  exact  opposite  of  those  which  iron  would  have, 
produced  under  the  same  circumstances. 
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CHAPTER  VIII. 


THERMO-ELECl'RIC  CURRENT 


Fig.  855. 


939.  Tliermo-eleetrioity.— In  1 821,  Professor  Seebeck,  of  Berlin,  found 
that  by  heating  one  of  the  junctions  of  a  metallic  circuit,  consisting  of  two 
metals  soldered  together,  an  electric  current  was  produced.  This  pheno- 
menon may  be  shown  by  means  of  the  apparatus  represented  in  fig.  855, 

which  consists  of  a  plate 
of  copper,  w«,  the  ends 
of  which  are  bent  and 
soldered  to  a  place  of  bis- 
muth, op.  In  the  interior 
of  the  circuit  is  a  magnetic 
needle,  «,  moving  on  a 
pivot.  When  the  apparatus 
is  placed  in  the  magnetic 
meridian,  and  one  of  the 
solderings  gently  heated, 
as  shown  in  the  figure, 
the  needle  is  deflected  in 
a  manner  which  indicates 
the  passage  of  a  current 
from  n  to  ;//,  that  is,  from  the  heated  to  the  cool  junction  in  the  copper.  If. 
instead  of  heating  the  junction,  //,  it  is  cooled  by  ice,  or  by  placing  upon  ii 
cotton  wool  moistened  with  ether,  the  other  junction  remaining  at  the  ordi- 
nary temperature,  a  current  is  produced,  but  in  the  opposite  direction,  that 
is  to  say,  from  ;;/  to  ;/  ;  in  both  cases  the  current  is  more  energetic  in  pro- 
portion as  the  differoicc  in  temperature  of  the  solderings  is  greater. 

Seebeck  gave  the  name  thermo-electric  to  this  current,  and  to  the  couple 
which  produces  it,  to  distinguish  it  from  the  ^j^r^W^^/r/Vor  ordinary  voltaic 
current  and  couple. 

940.  Tliermo-electrlc  series. — If  small  bars  of  two  different  metals 
are  soldered  together  at  one  end  while  the  free  ends  are  connected  with  the 
wires  of  a  galvanometer,  and  if  now  the  point  of  junction  of  the  two  metals 
be  heated,  a  current  is  produced,  the  direction  of  which  is  indicated  by  the 
deflection  of  the  needle  of  the  galvanometer.  Moreover,  the  strength  of  the 
current,  calculated  from  the  deflection  of  the  galvanometer,  is  proportional 
to  the  electromotive  force  of  the  thermo- element.  By  experimenting  in  this 
way  with  different  metals,  they  may  be  formed  in  a  list  such  that  each  metal 
gives  rise  to  positive  electricity  when  associated  with  one  of  the  following, 
and  negative  electricity  with  one  of  those  that  precede  : — that  is,  that,  in 
heating  the  soldetmg,  iVve  pos\Uve  current  goes  from  the  positive  to  the  nega- 
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tive  metal  across  the  soldering,  just  as  if  the  soldering  represented  the  liquid 
in  a  hydro-electrical  element ;  hence  out  of  the  element,  in  the  connecting 
wire  and  the  galvanometer  for  instance,  the  current  goes  from  the  negative 
to  the  positive  metal. 

Thus  a  couple,  bismuth-antimony,  heated  at  the  junction  would  corre- 
spond to  a  couple,  zinc-copper,  inmiersed  in  sulphuric  acid.  The  following 
is  a  list  drawn  up  from  Matthiessen's  researches,  which  also  gives  compara- 
tive numerical  values  for  the  electromotive  force  : — 


Bismuth  . 

+  25 

Gas  coke    . 

-o-i 

Cobalt    . 

.       9 

Zinc    . 

0-2 

Potassium 

•       5-5 

Cadmium    . 

0-3 

Nickel    . 

•       5 

Strontium    . 

2-0 

Sodium  . 

.       3 

Arsenic 

3-8 

Lead 

103 

Iron     . 

5*2 

Tin 

I 

Red  phosphorus  . 

9*6 

Copper   . 

I 

Antimony    . 

9-8 

Silver     . 

10 

Tellurium    . 

•      179-9 

Platinum 

.       07 

Selenium     . 

.  -290-0 

The  meaning  of  the  numbers  in  this  list  is  that,  taking  the  electromotive 
force  of  the  copper-silver  couple  as  unity,  the  electromotive  force  of  any  pair 
of  metals  is  expressed  by  the  difference  of  the  numbers  where  the  signs  are 
the  same  and  by  the  sum  where  the  signs  are  different.  Thus  the  electro- 
motive force  of  a  bismuth-nickel  couple  would  be25-5  =  2o;ofa  cobalt- 
iron  9- (  + 5-2)"  14*2,  and  of  an  iron-antimony  — 52 -9*8=  —4-6.  Where 
the  positive  sign  is  fixed,  the  current  is  from  the  other  metal  to  silver  across 
the  soldering  ;  and  where  the  negative,  from  silver  to  that  metal. 

Hence,  of  these  bodies,  bismuth  and  selenium  produce  the  greatest 
electromotive  force  ;  but  from  the  expense  of  this  latter  element,  and  on 
account  of  its  low  conducting  power,  and  the  difficulty  of  making  good  joints, 
antimony  is  generally  substituted.  The  antimony  is  the  negative  metal  but 
the  positive  pole,  and  the  bismuth  the  positive  metal  but  the  negative  pole, 
and  the  current  goes  from  bismuth  to  antimony  across  the  junction. 

If  copper  wires  connected  with  the  ends  of  a  galvanometer  are  soldered 
together  to  the  ends  of  an  antimony  rod,  and  if  one  of  the  junctions  is  heated 
to  50°,  the  other  being  maintained  at  0°,  a  certain  deflection  is  observed  in 
the  galvanometer.  If  similarly  a  compound  bar,  consisting  of  antimony  and 
tin  soldered  together,  be  connected  with  the  ends  of  the  galvanometer,  and  if 
the  junction  copper-tin  and  the  junction  tin-antimony,  be  heated  to  50°, 
while  the  junction  antimony-copper  is  kept  at  0°,  the  deflection  is  the  same 
as  in  the  previous  case.  Hence  the  electromotive  force  produced  by  heating 
the  two  junctions,  copper-tin  and  tin -antimony,  is  equal  to  the  electromotive 
force  produced  by  heating  the  copper-antimony. 

Becquerel  found  with  a  number  of  couples,  where  one  endof  the  junction 
was  heated  to  a  given  temperature  and  the  other  kept  at  0°  that  the  inten- 
sity of  the  current  was  proportional  to  the  temperature  at  the  heated  junction. 
If  the  two  junctions  are  at  any  given  temperatures,  the  intensity  of  the 
current  is  proportional  to  the  difference  of  the  temperature  of  the  two  places, 
provided  that  this  does  not  exceed  50°. 
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The  electromotive  force  of  any  given  combination  depends  not  only  on 
the  difference  of  temperature  of  the  two  junctions  but  also  on  the  absolute 
height  of  their  temperature.  For  each  combination  of  two  metals  there  is  a 
certain  temperature  which  is  called  the  neutral  temperaiurt ;  whenever  the 
arithmetical  mean  of  the  temperatures  of  the  junction  is  equal  to  this  neutial 
temperature  no  current  is  produced.  Thus,  for  silver  and  iron  this  tempera- 
ture is  2a8-S°,  and  no  current  is  produced  when  the  temperature,  /,  of  the  one 
is  1 86,  145  and  I  iS,  the  corresponding  one  of  the  other,  /,,  being  260,  302  and 
32S.  If  the  mean  temperature  in  one  case  is  above  and  in  another  belon', 
the  current  has  different  directions  in  the  two  cases  ;  hence  the  electromotive 
force  cannot  always  be  increased  by  raising  the  temperature  of  one,  01 
lowering  the  Icmperalure  of  the  other. 

As  compared  with  ordinary  hydro-electric  currents,  llie  electromotive 
force  of  thermo  currents  is  very  small ;  thus  the  electromotive  force  of  a 
bismuth -cop  per  element  with  a  difference  of  100"  C.  in  the  temperatures  of 
their  junctions  is  according  to  Wheatstone  ;\,  and  according  to  Neumano 
j^g  that  of  a  Daniell's  element  :  the  electromotive  force  of  an  iron-argentas 
couple  with  10°  to  15°  difference  of  temperature  at  their  junctions  is  g;*^  that 
of  a  Daniell's,  according  to  Kohlrausch. 

941.  Canaes  ortbermo-electrlo  onrrenM.^The  thermo. electric  currenL; 
arc  probably  to  be  attributed  to  an  electromotive  force  produced  by  the  con- 
tact of  heterogeneous  substances,  a  force  which  varies  with  the  temperature. 
Becquerel  ascribed  them  to  the  unequal  propagation  of  heat  in  the  differem 
pans  of  the  circuit.  lie  found  that  when  all  the  parts  of  a  circuit  are  homo- 
geneous, no  current  is  produced  on  heating,  because  the  heat  is  equall)' 
propagated  in  all  directions.  This  is  the  case  if  the  wires  of  the  galvano- 
meter arc  connected  by  a  second  copper  wire.  But  if  the  uniformity  of  this 
is  destroyed  by  coiling  it  in  a  spiral,  or  by  knotting  it,  the  needle  indicates 
by  its  deflection  a  current  going  from  the  heated  part  to  that  in  which  the 
homogeneity  has  been  destroyed.  If  the  ends  of  the  galvanometer  wires  be 
coiled  in  a  spiral,  and  one  end  heated  and 
touched  with  the  other,  the  current  goes 
from  the  heated  to  the  cooled  end. 
'  When  two  plates  of  the  same  metal,  bui 
at  different  temperatures,  are  placed  in  a 
fused  salt  such  as  borax,  which  conducts 
electricity  but  exerts  no  chemical  action,  a 
current  passes  from  the  hotter  metal  through 
the  fused  salt  to  the  colder  one.  Hot  and 
cold  water  in  contact  produce  a  current 
which  goes  from  the  warm  water  to  the  cold. 
Svanberg  has  found  that  the  thermo- 
eleclromotive  force  is  influenced  by  the 
crystallisation  ;  for  instance,  if  the  cleavage 
'■'^  ^^'''  of  bismuth  is  parallel  to  the  face  of  contact, 

it  is  greater  than  if  both  are  at  right  angles,  and  that  the  reverse  is  the 
case  with  antimony.  Thermo-electric  elements  may  be  constructed  of  either 
two  pieces  of  bismuth  or  two  pieces  of  antimony,  if  in  the  one  the 
principal  cleavage  is  parallel  to  the  place  of  contact,  and  in  the  other  is 
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at  right  angles.     Hence  the  position  of  metals  in  thermo-electric  series  is 
influenced  by  their  crystalline  structure. 

943.  Tb«rm»-«leotrlc  batterr-— From  what  has  been  said  it  will  be 
understood  that  a  ihermo-electric  couple  consists  of  two  metals  soldered 
together,  the  two  ends  of  which  can  be  joined  by  a  conductor.  Fig.  S56 
represents  a  bismuth-copper  couple  ;  fig.  857  represents  a  series  of  couples 
used  by  Pouillet.     The  former  consists  of  a  bar  of  bismuth  bent  twice  at 


right  angles,  at  Ihe  ends  of  which  are  soldered  two  copper  strips,  c,  d,  which 
terminate  in  two  binding  screws  fixed  on  some  insulating  material. 

When  several  of  these  couples  are  joined  so  that  Ihe  second  copper  of 
the  first  is  soldered  to  the  bismuth  of  the  second,  then  the  second  copper  of 
this  to  the  bismuth  of  the  third,  and  so  on,  this  arrangement  constitutes  a 
thermo-electric  battery,  which  is  worked  by  keeping  the  odd  solderings,  for 
instance,  in  ice,  and  the  even  ones  in  water,  which  is  heated  to  ioo'~. 

943.  Xobtlt'B  ttaermo-elsetrlo  pile. — Nobiti  devised  a  form  of  thermo- 
electric battery,  or  pile  as  it  is  usually  termed,  in  which  there  are  a  large 
number  of  elements  in  a  very  small  space.  For  this  purpose  he  joined  the 
couples  of  bismuth  and  antimony  in  such  a  manner  that, after  having  formed 
a  series  of  five  couples,  as  represented  in  fig,  859,  the  bismuth  from  b  was 
soldered  to  the  antimony  of  a  second  series  arranged  similarly ;  the  last 
bismuth  of  this  to  the  antimony  of  a  third,  and  so  on  for  four  vertical  series, 
containing  together  20  couples,  com- 
mencing by  antimony,  finishing  by 
bismuth. 

Thus  arranged,  the  couples  arc 
insulated  from  one  another  by  means 
of  small  paper  bands  covered  with 
varnish,  and  are  then  enclosed  in  a 
copper  frame,  P  (fig,  85S),  so  that  only 
the  solderings  appear  at  the  two  ends 
ofthepile.  Two  small  copper  binding 

screws,  m  and  n,  insulated  in  an  ivory  "S-  "^s.  ns-  ^si- 

ring,  communicate  in  the  interior,  one  with  the  first  antimony,  representing 
the  positive  pole,  and  the  other  with  the  last  bismuth,  representing  it* 
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negativc   pole.      These  binding  screws  communicale  with  the  cxiremiiics 
of  a  galvanometer  wire  when  the  ihermo-elearic  current  is  lo  be  observed. 

944.  Seoqaerel'*  thenao-«leotrto  battery. — Becquerel  has  found  Ihal 
artificial  sulphuret  of  copper  heated  from  200°  to  300"  is  powerfully  positive, 
and  that  a  couple  of  this  substance  and  copper  has  an  electromotive  force 
nearly  ten  times  as  great  as  that  of  the  bismuth  and  copper  couple  in  fig.  856. 
Native  sulphuret,  on  the  contrary,  is  powerfully  negative.  As  the  artificial 
sulphuret  only  melts  at  about  1,035°, ''  ™3y  be  used  ai  very  high  tempera- 
tures. The  metal  joined  with  it  is  German  silver  ^90  of  copper  and  10  of 
nickel).    Fig.  860  represents  the  arrangement  of  a  battery  of  50  couplet 


arrajiged  ill  ti\ost;iii;b  of  23.  Fii;.  S6j  j;i\L;,  uii  a  Ui-jei  ^cale  the  vie"  ofa 
singlejcouple,  and  fig.  861  that  of  6  couples  in  two  series  of  3.  The  sulphuret 
is  cut  in  the  form  of  rectangular  prisms,  10  centimetres  in  length,  by  iS  mm- 
in  breadth,  and  \1  mm.  thick.  In  front  is  a  plate  of  German  silver  m,  intended 
to  protect  the  sulphuret  from  roasting  when  it  is  placed  in  a  gas  flame. 
Below  there  is  a  plate  of  German  silver  MM,  which  is  bent  several  tiinesso 


as'to  be  joined  to  the  sulphuret  of  the  next,  and  so  on.  The  couples,  U 
arranged  in  two  series  of  25,  are  fixed  to  a  wooden  frame  supported  by  wo 
brass'columns  A  B,  on  which  it  can  be  more  or  less  raised.  Below  the  couples 
IS  a  brass  trough,  through  which  water  is  constantly  flawing,  arriving  ly 
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the  tube  b  and  emerging  by  the  stopcock  r.  The  plates  of  German  silver 
are  thus  kept  at  a  constant  temperature.  On  each  side  of  the  trough  are  two 
long  burners  on  the  Argand  principle,  fed  by  gas  from  a  caoutchouc  tube,  a. 
The  frame  being  sufficiently  lowered,  the  ends  are  kept  at  a  temperature  of 
200°  or  300°.  For  utilising  the  current,  two  binding  screws  are  placed  on 
the  left  of  the  frame,  one  communicating  with  the  first  sulphuret,  that  is,  the 
positive  pole,  and  the  other  with  the  last  German  silver,  or  the  negative  pole. 
At  the  other  ena  of  the  frame  are  two  binding  screws,  which  facilitate  the 
arrangement  of  the  couples  in  different  ways. 

945.  Olamond's  tbermo-eleotrlo  battery.^ Of  the  attempts  which  have 
been  made  to  apply  thermo-electric  currents  to  directly  practical  purposes 
the  most  successful  has  been  Clamond's,  which  is  used  both  for  telegraphic 
purposes  and  also  for  electroplating.  Its  characteristic  features  are  the 
construction  and  arrangement  of  the  elements,  and  the  manner  in  which  the 
heating  is  effected. 

The  negative  element  consists  of  an  alloy  of  two  parts  of  antimony  and 
one  of  zinc,  forming  a  flat  spindle-shaped  bar  from  2  to  3  inches  in  length,  by 
I  in.  in  thickness  (f\g.  864).  The  positive  metal  is  a  thin  strip  or  lug  of  tin- 
plate,  stamped  as  represented  at  cui'  in  ^^,  863  ;  this  is  then  bent  in  as  shown 
at  r,  and  being  held  in  a  mould,  the  alloy,  which  melts  at  260°  C,  is  poured 
in.  The  individual  elements  have  then  the  appearance  represented  in  ^%, 
864,  and  to  connect  them  together  the  tin  lugs  are  bent  into  shape,  and  joined 
in  a  circle  of  elements  (fig.  865),  being  kept  in  their  position  by  a  paste  of 
asbestos  and  soluble  glass ;  fiat  rings  of  this  composition  are  also  made, 
and  are  placed  between  each  series  of  rings  piled  over  e^h  other  ;  the  con- 
nection between  the  individual  elements  and  between  the  sets  of  rings  is 
made  by  soldering  together  the  projecting  ends  of  the  tin  lugs.  Thin  plates 
of  mica  are  placed  between  the  alloy  and  the  tin  plate,  exceptfng  at  the 
place  of  soldering.  Looked  at  from  the  inside 
the  faces  of  the  battery  present  the  appearance 
of  a  perfect  cylinder. 

The  heating  is  eflfected  by  means  of  coal 
gas,  admitted  through  an  earthenware  tube, 
AB,  fig.  866,  perforated  by  numerous  small 
holes  ;  this  is  surrounded  by  a  somewhat  larger 
iron  tube  QD,  reaching  nearly  to  the  top  of  the 
cylinder,  which  is  closed  by  a  lid,  E  F.  Aii 
enters  at  the  bottom  of  this  tube,  and  the  heated  gases  passing  up  the  tube, 
curl  over  the  top,  descend  on  the  outside,  and  escape  by  a  chimney  GH.  This 
arrangement  economises  gas  and  prevents  danger  from  overheating,  as  the 
gas-jets  do  not  impinge  directly  on  the  element.  The  supply  of  gas  is 
regulated  by  an  automatic  arrangement,  so  that  the  temperature  is  not 
higher  than  about  200° 

A  battery  of  60  such  elements  has  an  electro-motive  force  of  three  volts, 
and  an  internal  resistance  of  i  \  ohms.  The  amount  of  the  gas  consumed 
per  hour  for  this  size  is  three  cubic  feet,  and  such  a  battery  costs  four 
pounds. 

946.  Mellonl*s  tbermomnltlplier. — We  have  already  noticed  the  use 
which.  Melloni   made  of  Nobili's  pile,  in  conjunction  with  the  galvano- 
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meter,  tor  measuring  the  mosi   feeble  alterations   of  temperature.     The 
arrangement  he  used  for  his  experiment  is  represented  in  fig.  867- 

On  a  wooden  hose,  provided  with  levelling  screws,  a  graduated  copper 
rule,  about  a  metre  long,  is  fixed  edgeways.     On  this  rule  the  various  parts 


Fig.  86,. 

composing  the  apparatus  are  placed,  and  their  distance  can  be  fixed  by 
means  of  binding  screws,  u  is  asupport  for  a  Locatelli's  lamp,  or  other  sauict 
of  heat ;  F  and  E  are  screens  :  C  is  a  support  for  the  bodies  under  experi' 
I  /fi  is  a  therm o-electrical  battery.  Near  the  apparatus  is  a  gal- 
vanometer D  ;  this  has  only  a  comparatively  few  turns  of  11  tolerably  thkt 


(1  mm.)  copper  wire  :  for  the  electromotive  force  of  the  thermo-currenis  ii 
smalj.  and  as  the  internal  resistance  is  small  too,  for  it  only  consists  of  inelal. 
il  is  clear  that  no  great  resistance  can  be  introduced  into  the  circoii  if  the 
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current  is  not  to  be  completely  stopped.  Such  galvanometers  are  called 
tkertHomultipliers,  The  delicacy  of  this  apparatus  is  so  great  that  the  heat 
of  the  hand  is  enough  at  a  distance  of  a  yard  from  the  pile  to  deflect  the 
needle  of  the  galvanometer. 

In  using  it  for  measuring  temperature,  the  relation  of  the  deflection  of  the 
needle,  and  therefore  of  the  strength  of  the  current,  to  the  difference  of  the 
temperatures  of  the  two  ends,  must  be  determined.  That  known,  the  tem- 
peratures of  the  ends  not  exposed  to  the  source  of  heat  being  known,  the 
observed  deflection  gives  the  temperature  of  the  other,  and  therewith  the 
intensity  of  the  source  of  heat. 

947.  Properties  and  uses  of  tbermo-^leotrio  onrrents. — Thermo-elec- 
tric currents  are  of  extremely  low  potential,  but  of  great  constancy  :  for  their 
opposite  junctions,  by  means  of  melting  ice  and  boiling  water,  can  easily  be 
kept  at  0°  and  100^  C.  On  this  account.  Ohm  used  them  in  the  experimental 
establishment  of  his  law.  They  can  produce  all  the  actions  of  the  ordinary- 
battery  in  kind,  though  in  less  degree.  By  means  of  a  thermo-electrical  pile 
consisting  of  769  elements  of  iron  and  German  silver,  the  ends  of  which 
diflfered  in  temperature  by  about  10°  to  15°,  Kohlrausch  proved  the  presence 
of  firee  positive  and  negative  electricity  at  the  two  ends  of  the  open  pile 
respectively.  He  found  that  the  density  of  the  free  electricity  was  nearly 
proportional  to  the  number  of  elements,  and  also  that  the  electromotive  force 
of  a  single  element  under  the  above  circumstances  was  about  ^^^^  that  of 
a  single  Daniell's  element.  On  account  of  their  feeble  tension,  thermo- 
electric piles  produce  only  feeble  chemical  actions.  Botto,  however,  with 
120  platinum  and  iron  wires,  has  decomposed  water. 

948.  Beeqnerel's  eleetrieal  tliermoineter. — This  consists  of  a  copper 
ind  iron  wire  of  many  yards  in  length  soldered  at  their  ends,  but  otherwise 
insulated  from  each  other  by  being  covered  with  gutta-percha.  The  copper 
jvire  is  cut  twice  and  connected  with  the  binding  screws  of  a  galvanometer 
'fi%,  868).  One  of  the  solderings  is  arranged  in  the  place  whose  temperature 
s  to  be  measured.  In  the  figure  it  is  at  B  at  the  top  of  a  pole  A,  and  is 
indemeath  a  hood,  which  protects  it  from  rain  and  the  sun,  but  allows  air  to 
nrculate  round  it. 

The  other  soldering  is  immersed  in  mercury  contained  in  a  glass  tube, 
ind  which  in  turn  is  placed  in  a  large  cylinder  C  containing  ether.  On  one 
tide  is  a  very  delicate  thermometer  /,  which  indicates  the  temperature  of  the 
^her.  By  means  of  a  small  bellows  S,  a  caoutchouc  tube  and  a  glass  tube, 
I  current  of  air  can  be  sent  through  the  ether,  which  being  thus  vaporised  is 
:ooled.  If,  on  the  contrary,  the  temperature  of  the  ether  is  to  be  raised,  a 
inplate  vessel  containing  hot  water  is  brought  near  the  cylinder  C. 

These  details  being  known,  when  the  solderings  are  at  the  same  tempera- 
ure  no  current  is  produced  in  the  circuit,  and  the  galvanometer  remains  at 
«ro  ;  but  when  there  is  the  least  difference  in  temperature,  the  deflection  of 
he  galvanometer  tells  which  of  these  solderings  is  the  hottest.  If  it  is  the 
me  which  is  immersed  in  the  mercury,  the  bellows  is  worked  until,  the  ether 
>eing  cooled,  the  galvanometer  reverts  to  zero.  The  two  solderings  being 
hen  at  the  same  temperature  the  thermometer  /  at  once  indicates  the  tem- 
>erature  in  B. 

Becquerel  has  applied  this  instrument  to  investigations  on  the  tempera- 
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different  heights,  and 


tureof  the  ground  at  various  depths,  that  of  the 
also  on  the  temperature  of  plants  and  animals. 

949.  aeoqverel'*  eleolrlo  pjro^etar. — This  apparatus  is  an  improved 
form  of  one  originally  devised  by  Pouillet.     It  consists  (lig.  869}  of  two  wires, 


one  of  platinum  and  the  other  of  palladium,  both  two  metres  in  length  and 
asquare  millimetre  in  section.  Theyare  not  soldered  ai  the  ends,  but  firmly 
tied  for  a  distance  of  a  centimetre  with  fine  platinum  wire.  The  palladium 
wire  is  enclosed  in  a  thin  porcelain  tube :  the  platinum  wire  is  on  the  outside, 
and  the  whole  is  enclosed  in  a  larger  porcelain  tube  P.  At  the  end  of  this 
is  the  junction,  which  is  adjusted  in  the  place  the  temperature  of  which  is 
to  be  investigated.  At  the  other  end  project  the  platinum  and  palladium 
wires  III  and  n,  which  are  soldered  to  two  copper  wires  that  lead  thecurreDl 
to  a  magnetoin£ler  C.  These  wires  at  the  junction  are  placed  in  a  glass  tubt 
immersed  in  ice,  so  thai,  being  both  at  the  same  temperature,  they  give  rise 

The  magnetometer,  which  was  devised  by  Weber,  is  in  effect  a  large 
galvanometer.  It  consists  of  a  magnetised  bar  a,  b,  placed  in  the  centre  of 
a  copper  frame,  which  deadens  the  oscillations  (904)  and  rests  on  a  stirrup, 
H,  which  in  turn  is  suspended  to  a  long  and  very  fine  platinum  wire.  On 
the  stirrup  is  fi\cd  a  mirror  M,  which  moves  with  the  magnet,  and  gives 
by  reflection  the  image  of  divisions  traced  on  a  horizontal  scale  E  at  a 
distance.  These  divisions  are  observed  by  a  telescope.  With  this  vie", 
before  the  current  passes,  the  image  of  the  zero  ofthe  scale  ismade  to  coincide 
with  the  micrometer  wire  of  the  telescope  j  then  the  slightest  detleciion  of 


0]  Peltier's  Cross. 

mirror  gives  the  image  of  another  division,  and  therefore  the  angular 
sction  of  the  bar  (522).  This  angle  is  always  small,  and  should  not 
icd  3  or  4  degrees  ;  this  is  effected  by  placing,  if  necessary,  a  rheostat  or 
resistance  coil  in  the  circuit.  The  angular  deflection  being  known,  the 
naity  of  ihe  current  and  the  temperature  of  the  junction  are  deduced 
I  pyrometic  tables.  These  are  constructed  by  interpolation  when  the 
agths  arc  known  which  correspond  10  two  temperatures  near  those  to  be 


;rved.     The  indications  of  the  pyrometer  extend  to  the  fusing  point  of 

150.  Veltler'a  erosa. — When,  on  a  bar  of  bismuth,  Bti',  cut  half-way 
ugh  at  its  centre  (fig.  870),  is  soldered  a  bar  of  antimony  with  a  similar 
and  when  the  ends  A  and  II  are  connected  with  a  galvanometer,  the 
lie  of  the  galvanometer  is  deflected  in  one  direction  when  the  junction 
^ted  and  in  the  other  when  it  is  cooled. 

'eltier  found  that  when  A'  was  connected  with  one  pole,  and  B'  with  the 
r  pole  of  a  voltaic  element,  so  that  a  current  passed  from  A'  through 
junction  to  11',  the  needle  was  deflected  in  such  a  direction  as  to  show 
the  junction  was  heated  when  the  positive  current  passed  from  A'  to 
vhile  it  was  cooled  when   the  current  passed  in  the  opposite  direaion. 
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In  order  to  show  the  cooling  effect   this   experiment  may  be  made  by 
hermetically  fixing  in  two  tubulures  in  an  air  thermometer,  a  compound 

bar  consisting  of  bismuth  and  antimony  soldered  to- 
gether, in  such  a  manner  that  the  ends  project  on  each 
side.  The  projecting  parts  are  provided  with  binding 
screws,  so  as  to  allow  a  current  to  be  passed  through. 
When  the  positive  current  passes  from  the  antimony  to 
the  bismuth,  the  air  in  the  bulb  is  heated,  it  expands, 
and  the  liquid  in  the  stem  sinks ;  but  if  it  passes  in  the 
opposite  direction  the  air  is  cooled,  it  contracts,  and  the 
liquid  rises  in  the  stem.  This  is  called  the  Peltier  effect.  The  current  must 
not  be  too  strong ;  that  of  a  single  Bunsen's  cell  is  usually  sufficient ;  it 
is  best  regulated  by  a  rheostat  (949). 

These  experiments  form  an  interesting  illustration  of  the  principle,  that 
whenever  the  effects  of  heat  are  reversed,  heat  is  produced ;  and  whenever 
the  effects  ordinarily  produced  by  heat  are  otherwise  produced,  cold  is  the 
result ;  for  cooling  takes  place  when  the  current  is  in  the  same  direction 
as  the  thermo- current  produced  at  the  junctions,  and  heating  when  the 
current  is  in  the  opposite  direction. 


t   by  «lili.li   ihc  resistance 

■".  aing  the 


951.  mboMtat.— A  Rheoshit 
of  any  given  cirruii  can  be  increased  0 
circuit.  The  original  fonn  invented  by 
Wheatstone  consists  of  two  parallel 
cylinders,  one,  A,  of  brass,  the  other, 
B,  of  wood  ifig.  871).  In  the  latter 
there  is  a  spiral  groove,  which  termi- 
nates at  ii  in  a  brass  ring,  10  which  is 
fixed  the  end  of  a  fine  brass  wire.  This 
wire,  which  is  about  40  yards  long,  is 
partially  coiled  on  the  groove ;  It  passes 
to  the  cylinder  A,  and,  after  a  great 
number  of  turns  on  this  cylinder,  is 
fixed  at  the  extremity  e.  Two  binding 
screws,  n  and  a,  connected  with  the 
battery,  communicate  by  two  steel 
plates ;  one  with  the  cylinder  A,  the 
other  with  the  ring  a. 

When  a  current  enters  at  o,  it 
simply  traverses  that  portion  of  the  wir 
windings  are  insulated  by  the  grooves 

which  is  of  metal,  and  in  contact  with  the  wire,  the  current  passes  directly 
to  »(,  and  thence  to  n.  Hence,  ifihe  length  of  the  current  is  to  be  increased, 
the  handle  d  must  be  turned  from  right  to  left.  If,  on  the  contrary,  it 
is  to  be  diminished,  the  handle  is  to  be  fixed  on  the  axis  r,  and  turning 
then  from  left  to  right,  the  wire  is  coiled  on  the  cylinder  A.  The  length  of 
the  circuit  is  indicated  in  feel  and  inches,  by  two  needles,  at  the  end  of 
the  apparatus  not  seen  in  the  figure,  which  are  moved  by  the  cylinders  A 
and  B. 

952.  SetennltiBtlonartlie remlai&iiee of  aeoBdaotor.  XedDced lenrtb. 
If  in  the  circuit  of  a  constant  element  a  tangent  galvanometer  be  interposed, 
a  certain  dcfleclion  of  the  needle  will  be  produced.  If,  then,  different 
lengths  of  copper  wire  of  the  same  diameter  be  successively  interposed, 
corresponding  deflections  will  in  each  case  be  produced.  Let  us  suppose 
that  in  a  particular  case  the  tangent  of  the  angle  of  deflection  (S23)  observed 
with  the  element  and  tangent  galvanometer  alone  was  1  '88,  and  that  when 
5,  40,  70,  and  100  yards  of  copper  wire  were  successively  placed  in  the 

.  circuit,  the  tangents  of  the  corresponding  deflections  were  o'849,  0'I72, 


e  rolled  on  the  cylinder  B,wher 
;  passing  thence  to  the  cylinder  A, 


896  Dynamical  ElectrUity.  fUS- 

O'i05,  and  0-074.  Now,  in  this  experiment,  the  totaJ  resistance  consists  of 
two  components ;  the  resistance  offered  by  ihe  element  and  the  tangent 
galvanometer,  and  the  resistance  offered  by  the  wire  in  each  case.  The 
former  resistance  may  be  supposed  to  he  equal  to  the  resistance  of  J-yards  of 
copper  wire  of  the  same  dianieier  as  that  used,  and  then  we  have  the  follow- 
ing relations  :— 

Length  ofwire.  Tangent  of  angle  ofdefUcHm. 

X  yards 188 

-r+5        , 0-849 

J-  +  40      „ 0-172 

X-Y1Q         „ O-IOJ 

-r-noo    „ 0-074 

If  the  intensities  of  the  currents  are  inversely  as  the  resistances— that  is, 
as  the  lengths  of  the  circuits — the  proportion  must  prevail, 

x:x*l-  0-849  :  1  886  ; 
from  which  j--4't  I.  Combining,  in  Mice  manner,  the  other  observations,  we 
get  a  series  of  numbers,  the  mean  of  which  is  4-08.  That  is,  the  resistance 
offered  by  the  element  and  galvanometer  is  equal  to  the  resistance  of  4^)8 
yards  of  such  copper  wire,  and  this  is  said  10  be  the  reduced  length  of  the 
element  and  galvanometer  in  terms  of  the  copper  wire. 

It  is  of  great  scientific  and  practical  importance  lo  have  a  unit  or  standard 
0/ comparison  of  resistance,  and  numerous  such  ha\'e  been  proposed.  Jacobi 
proposed  the  resistance  of  a.  metre  of  a  special  copper  wire  a  millimetre  io 
diameter.  Copper  is,  however,  ill  adapted  for  the  purpose,  as  it  is  difficult 
to  obtain  pure.  Mathiessen  proposed  an  alloy  of  gold  and  silver,  contain- 
ing two  parts  of  gold  and  one  of  silver;  iis  conducting  power  is  ven'l'ttl' 
affected  by  impurities  in  the  metals,  by  annealing,  or  by  moderate  changes 
of  temperature. 

Siemens'  unit  is  a  metre  of  pure  mercur)',  having  a  section  of  a  square 

millimetre.      Its  actual  material  reproduction  for  ordinary  use  is  a  German 

silver  wire  38  metres  in  length,  and  0-9  mm.  in  diameter.     It  is  0-9536  of  an 

ohm  (963;.     A  mile  of 

No.  i6purecopperwife 

represents  a  resistance 

r •  ['~"r__^^^*^^^*^Tlftii*^    ^W^  of  1367  ohms. 

"953.        Kealataaw 
!■ The  actual  ma- 
terial production  of  a 
standard   resistance  is 
■    ordinarily       a      giw" 
5  length  of  wire  of  a  cer- 
tain definite  material, 
and  is  known  as  a  rr- 
sistance  coil.    An  alloy 
of  silver  with  about^of 
platinum  is  best,  as  it 
■y  permanent  and  its  resistance  varies  little  with  increase  of  tempera- 
•Such  resistance  coils  arc  usually  employed  in  ft'hat  are  called  risisi- 
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Fig.  873. 


OHCe  boxes,  fig.  872.  Fig.  873  represents  the  way  in  which  resistance  coils 
are  affixed  inside  the  box.  On  the  top  of  the  box,  which  is  of  slate  or 
ebonite,  are  a  number  of  solid  prismatic  pieces  of  brass  fixed  a  little  dia- 
tance  apart  ;  at  their  ends  are  conical 
perforations  in  which  fit  brass  plugs. 
Inside  the  box  are  fitted  to  these  brass 
pieces  the  various  lengths  of  wires 
which  represent  very  accurately  the  re- 
sistances ;  they  are  covered  with  insu- 
lated wire,  and  are  wound  double,  so 
as  to  neutralise  any  extraneous  induc- 
tive action.  If  the  terminals  of  a  circuit 
■re  connected  with  TT',  fig.  872,  and 
all  the  plugs  are  inserted,  the  resistance 
box  offers  no  appreciable  resistance,  for  the  current  passes  by  the  plugs 
and  the  massive  metal ;  but  by  taking  out  any  of  the  plugs  the  current  has 
to  pass  through  the  wire  coil  between  the  two  brass  pieces,  and  thus  its 
resistance  is  introduced.  In  the  figure  this  represents  the  use  of  a  resist- 
ance of  74  ohms. 

The  coils  are  in  multiples  and  submultiples  of  ohms,  and  are  so  arranged 
that  their  combination  may  be  as  greatly  varied  with  as  few  resistances  as 
possible.  Thus  a  set  of  eleven  coils  of  o-i,  02,  01,  05,  2,  2,  5,  10,  10,  zo  and 
50  enables  us  lo  introduce  any  resistance  ft'om  o-i  to  100  into  the  circuit. 

Resistance  boxes  have  almost  entirely  superseded  the  rheostat  and 
similar  instruments.  They  are  more  accurate,  and  not  nearly  so  likely  to 
suffer  from  use. 

954-  &«BolaM  m««aare  or  eleetrloal  nalatanoe. — ^Vhen  the  resistance 
of  any  conductor  has  been  measured  and  expressed  by  reference  to  any  of 
the  standards  of  resistance  mentioned  in  the  preceding  paragraph,  the  num- 
ber denoting  the  result  of  the  measurement  still  does  not  tell  us  what  the 
resistance  of  the  conductor  in  question  really  is  ;  it  only  tells  us  what  mul- 
tiple it  is  of  the  resistance  of  the  particular  conductor  with  which  the  com- 
parison has  been  made.  It  gives  us  merely  a  relative,  and  not  an  absolute 
measure.  Just  in  the  same  way,  if  we  are  told  that  the  pressure  of  the  steam 
in  a  boiler  is  equal  to  (say)  8  atmospheres  (157),  this  statement  does  not  in 
itself  enable  us  to  form  any  estimate  of  what  the  actual  pressure  of  the  steam 
is  ;  il  only  tells  us  that,  whatever  the  pressure  of  an  atmosphere  may  be, 
that  of  the  steam  is  8  times  as  great.  In  order  that  we  may  be  able  to  cal- 
culate what  cfiecis  the  pressure  of  the  steam  is  capable  of  producing,  we 
require  to  have  it  stated  in  absolute  measure,  that  is,  not  how  much  greater 
ix  less  it  is  than  some  other  pressure— but  what  actual  force  is  exerted  by  it 
on  each  unit  of  surface.  So,  for  very  many  purposes  we  require  absolute 
measures  of  electrical  resistance,  instead  of  mere  comparisons  of  the  resist- 
ance of  one  conductor  with  that  of  another. 

To  see  how  it  is  possible  to  get  an  absolute  measure  of  resistance,  we 
must  go  back  10  the  fundamental  meaning  expressed  by  the  term.  If,  by 
any  means  whatever,  a  definite  electromotive  force  (difference  of  potential)  is 
maintained  between  any  two  given  cross-sections  of  a  conductor,  a  constant 
electric  current  flows  from  one  cross-section  to  the  other,  and,  for  the  same 
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conductor,  the  ratio  of  the  electromotive  force  to  the  strength  of  the  resulting 
current  is  constant.  That  is,  if  E„  Ea,  Eg,  ...  be  various  values  succes- 
sively given  to  the  electromotive  force,  and  Cj,  C,,  C,,  ...  be  the  corre- 
sponding strengths  of  the  current,  then 

^  =  ^J«p?=  .  .  .   » R  (a  constant).  # 

This  constant  ratio  of  electromotive  force  to  strength  of  current  is  charac- 
teristic of  the  individual  conductor  employed,  and  is  called  its  electrical 
resistance.  And,  when  the  resistance  of  a  conductor  is  stated  as  the  value 
of  the  ratio  in  question,  the  statement  gives  us  the  absolute  measure  of  the 
resistance  :  that  is,  it  gives  us  definite  information  about  the  electrical  pro- 
perties of  that  particular  conductor  without  implying  a  comparison  of  it  with 
any  other  conductor. 

Hence  it  appears  that  the  absolute  resistance  of  a  given  conductor  is 
determined  if  we  can  ascertain  the  ratio  of  any  electromotive  force  to  the 
strength  of  the  current  which  it  is  capable  of  producing  in  the  conductor  in 
question.  It  is  not,  however,  needful  to  make  an  independent  measurement 
of  this  ratio  in  the  case  of  every  conductor  whose  resistance  we  require  to 
know  :  it  is  sufficient  to  determine  it  once  for  all  for  some  one  conductor,  and 
then,  taking  this  conductor  as  a  standard,  to  compare  the  resistance  of  other 
conductors  with  that  of  this  one,  by  means  of  Wheatstone's  Bridge  (948), 
or  any  other  convenient  method. 

The  methods  available  for  determining  the  ratio  between  electromotive 
force  and  resistance,  required  for  an  absolute  measurement  of  resistance, 
depend  on  the  electromagnetic  phenomena  presented  by  electric  conductors 
and  currents  ;  it  will  be  sufficient  here  to  indicate  the  general  principles 
upon  which  such  methods  can  be  founded.  From  what  has  beeh  said  it  will 
be  seen  that  any  method  for  this  purpose  involves  a  measurement  of  electro- 
motive force  and  a  measurement  of  the  strength  of  a  current.  It  will  be 
convenient  to  treat  these  two  parts  of  the  process  separately. 

A.  Absolute  measurement  of  electromotive  force, — When  any  electric 
conductor  is  moved  in  a  magnetic  field  (707),  that  is  to  say,  in  any  region 
where  there  is  magnetic  force,  an  electromotive  force  is  in  general  developed 
in  the  conductor  during  its  motion.  The  magnitude  of  this  electromotive 
force  depends  upon  the  intensity  of  the  magnetic  field,  on  the  length  and 
form  of  the  conductor,  and  on  the  velocity  and  direction  of  its  motion.  The 
simplest  case  is  presented  by  a  straight  conductor,  with  its  length  perpen- 
dicular to  the  direction  of  the  force  in  a  uniform  magnetic  field,  and  moving 
at  right  angles  to  its  length  and  to  the  direction  of  the  force.  If  T  be  the 
intensity  of  the  field,  /  the  length  of  the  conductor,  and  v  the  velocity,  the 
electromotive  force  E  is 

E  =  kllv, 

where  ^  is  a  constant,  depending  on  the  unit  adopted  for  the  measurement 
of  electromotive  force.  If  we  define  the  unit  of  electromotive  force  as  that 
which  is  developed  in  a  conductor  of  unit  length  w<rt//>^(inthe  way  specified 
above)  7uith  unit  velocity  in  a  magnetic  field  of  unit  intensity  ^  the  constant  k 
becomes  =   i,  and  the  value  of  E  is 

E  =  T/t/. 
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If  the  length  and  the  direction  of  motion  of  the  conductor  are  not  at  right 
angles  to  the  direction  of  magnetic  force,  we  must  project  both  on  a  plane 
perpendicular  to  the  direction  of  the  force  ;  thus,  if  the  conductor  is  inclined 
at  an  angle  a,  and  moves  in  a  direction  [making  an  angle  ^,  both  being 
measured  from  the  direction  of  magnetic  force,  the  electromotive  force 
becomes 

E  «  T/  sin  a.  V  sin  jS. 

If  the  conductor  is  bent  in  any  way,  so  that  a  has  different  values  for  differ- 
ent parts,  and  if  the  direction  or  velocity  of  its  motion  varies  from  one  part  to 
another,  we  may  conceive  of  it  as  divided  into  a  great  number  of  equal  parts, 
each  so  small  that  no  sensible  variation  of  o,  0,  or  v  can  occur  within  it,  we 
may  calculate  the  electromotive  force  due  to  each  of  these  small  parts  taken 
separately  by  the  last  formula,  and  then,  adding  all  the  results  together, "we 
obtain  the  electromotive  force  developed  in  the  whole  conductor.  A  little 
consideration  will  show  that  the  following  statement  is  equivalent  to  that  just 
given  :  namely,  the  electromotive  force  generated  in  a  conductor  moving 
in  any  manner  in  a  magnetic  field  is  proportional  at  each  instant  to  the 
rate  0/ variation  of  the  area  swept  over  by  its  projection  on  a  plane  perpendi- 
cular to  the  direction  of  the  magnetic  force ;  and  the  average  electromotive 
force  acting  in  the  conductor  during  any  interval  of  time  is  proportional 
directly  to  the  total  area  swept  over  by  its  projection  during  the  interval, 
and  inversely  to  the  length  of  the  interval. 

In  order  to  apply  practically  the  principles  that  have  been  pointed  out, 
it  is  most  convenient  to  take  advantage  of  the  magnetic  field  due  to  the 
magnetism  of  the  earth.  Throughout  any  moderate  space  at  a  distance 
from  magnets  or  masses  of  iron,  the  magnetic  force  due  to  the  earth  is 
uniform  in  intensity  and  direction.  Suppose,  then,  a  circular  conducting 
ring,  placed  so  that  its  plane  is  perpendicular  to  the  direction  of  the  earth's 
magnetic  force— that  is,  to  the  direction  of  the  dipping  needle — to  be  turned 
through  half  a  revolution  about  one  of  its  diameters  ;  we  may  regard  its  pro- 
jection on  a  plane  perpendicular  to  the  direction  of  the  earth's  force  to  be 
made  up  of  the  projections  of  the  two  semicircles  into  which  it  is  divided  by 
the  axis  of  rotation.  During  the  half-turn  made  by  the  ring,  the  projection 
of  each  semicircle  sweeps  through  an  area  equal  to  that  of  the  whole  ring  ; 
but  one  projection  passes  over  this  area  in  one  direction,  and  the  other  in 
the  opposite  direction.  Consequently,  equal  electromotive  forces  are  gene- 
rated in  the  two  halves  of  the  ring,  in  opposite  directions  as  regarded  from 
outside,  but  both  in  the  same  direction  if  considered  as  tending  to  produce  a 
current  round  the  ring  :  the  total  electromotive  force  is  therefore  the  sum  of 
the  forces  in  the  two  halves,  and  if  r  be  the  radius  of  the  ring  and  therefore 
irr*  its  area,  and  n  the  number  of  revolutions  per  second,  so  that  the  time 

occupied  by  each  half-revolution  is  —.  the  average  electromotive  force  act- 

2n 

ing  in  the  ring  as  it  rotates  uniformly  about  a  diameter,  is 

2T  .  TT^-T-  -i    =  4Tirr^/« 
2/1 

where  T  stands  for  the  whole  intensity  of  the  earth's  magnetic  force.     If, 
instead  of  a  single  ring,  we  have  a  circular  coil  of  wire  of  u  convolutions, 
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and  if  the  axis  of  rotation  makes  any  angle  a  with  the  line  of  dip,  the  elec- 
tromotive force  due  to  the  rotation  of  the  coil  is 

E  =  i^vf^nu  sin  a. 

Consequently,  the  rotation  of  a  coil  of  wire  under  the  circumstances  named 
furnishes  the  means  of  obtaining  an  electromotive  force,  the  absolute  value 
of  which  is  given  by  the  intensity  of  the  magnetic  jfield,  the  dimensions  and 
speed  of  the  coil,  and  the  position  of  its  axes  of  rotation.  If  we  can  deter- 
mine the  strength  of  current  which  this  electromotive  force  is  capable  of 
producing  in  a  given  conductor,  the  absolute  resistance  of  the  conductor  is 
at  once  known. 

B.  Absolute  measuretnent  of  the  Strength  of  Currents, — The  method  of 
measuring  the  strength  of  electric  cunents  is  founded  on  the  fact  that  a 
force  is  exerted  between  a  conductor  carrying  a  current  and  any  magnetic 
pole  in  its  neighbourhood.  In  general,  both  the  distance  and  the  direction, 
as  seen  from  a  given  magnetic  pole,  vary  from  point  to  point  of  the  con- 
ductor, so  that  it  is  generally  impossible  to  give  any  simple  statement  of  the 
law  according  to  which  a  given  current  acts  upon  a  magnetic  pole  in  a 
given  position.  But,  if  we  consider  only  a  very  small  length  of  a  current, 
neither  the  distance  of  its  various  points  from  a  given  magnetic  pole,  nor 
their  directions,  can  vary  to  a  sensible  extent ;  and  when  these  two  condi- 
tions are  constant,  the  law  of  the  force  between  the  current  and  the  pole 
may  be  stated  as  follows  :  As  to  direction  the  force  is  perpendicular  to  a 
plane  containing  the  current  and  the  pole,  and  acts  upon  a  north  pole,  to- 
wards the  left  hand  of  an  obser\'er  looking  at  the  pole  from  the  line  of  the 
current,  and  so  placed  that  the  nominal  direction  of  the  current  is  from  his 
feet  to  his  head,  or,  upon  a  south  pole,  towards  the  right  hand  of  an  obser- 
ver similarly  placed  ;  as  to  magnitude,  the  force  is  proportional  directly  to 
the  length  (/)  and  to  the  strength  (C)  of  the  current,  to  the  strength  of  the 
magnetic  pole  (///),  and  to  the  sine  of  the  angle  {&)  made  by  the  direction  of 
the  current  with  a  straight  line,  drawn  from  it  to  the  pole,  and  inversely  to 
the  square  of  the  distance  (r')  from  the  current  to  the  pole.  Hence,  if  the 
force  be  denoted  by^J  we  have 

f^k  -^   sm^, 

where  k  is  a  constant,  depending  on  the  units  in  which  the  numerical  values 
of  the  various  quantities  are  expressed.  If  we  define  the  unit  strength  of 
current  as  the  strength  of  a  current  of  which  unit  lengthy  placed  at  unit  dis- 
tance from  a  magjietic  pole  of  unit  strength  ^  and  making  eruerywfure  a  right 
angle  with  a  line  draiun  from  it  to  the  pole^  exerts  unit  force  on  the  poUy  k 
becomes  unity,  and  we  have 

.     Cm'    '     n        n  fr^ 

/  =  —    sin  ^,  or  C  =     --  -r  -^. 

•^       r'^'  '  ml  sm  e 

The  most  convenient  way  of  founding  upon  these  principles  a  practical 
measurement  of  the  strength  of  a  current  is  to  cause  the  current  to  go  one 
or  more  times  round  a  vertical  circle  of  known  radius  placed  in  the  plane 
of  the  magnetic  meridian,  with  a  very  short  magnet  suspended  at  the  centre. 
This  is  the   arrangement  of  the  tangent   galvanometer  already  described 
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(823).  If  H  is  the  intensity  of  the  horizontal  component  of  the  earth's  mag- 
netic force,  the  force  which  must  be  exerted  upon  each  pole  of  a  magnet 
whose  poles  are  of  the  strength  +  m  and  —  m,  in  a  direction  perpendicular 
to  the  magnetic  meridian,  in  order  to  deflect  the  magnet  through  an  angle 
y  is 

/  -  Yim  tan  y. 

Putting  this  value  of/ into  the  expression  given  above  for  the  strength  of 
a  current,  we  have 

P  ^  Hi«  tan  y  r^ 
ml  sin  6 

But  in  the  case  supposed,  that  of  a  tangent-galvanometer  with  the  current 
going  I/'  times  round  the  circle,  we  have  /« u'2vay  if  a  is  the  radius  of  the 
circle  ;  moreover,  the  distance  r'  of  each  part  of  the  current  from  the  magnet 
is  constant  and  equal  to  the  radius,  or  r^  =  a  and  the  angle  6  is  also  constant, 
being  everywhere  a  right  angle,  so  that  sin  ^  =  i ;  consequently  we  get  for 
the  strength  of  the  current  in  absolute  measure, 

C  «  — ; tan  y  « tan  y. 

mu2jra  2iru^ 

We  have  thus  shown  how  both  electromotive  force  and  strength  of  cur- 
rent can  be  measured  in  absolute  units,  and  if  these  two  measurements  be 
combined,  the  ratio  of  the  numerical  value  of  the  electromotive  force,  acting 
in  a  conductor,  to  that  of  the  strength  of  the  resulting  current,  is  the  measure 
of  the  resistance  of  the  conductor  in  question.  Using  the  notation  employed 
above,  this  leads  to  the  following  expression  for  the  absolute  measure  of  re- 
sistance, 

P         E  _  4  Tnr^un  sin  a  .  27r«' 
C  H  r'  tan  y 

Various  practical  methods  of  measurement  founded  upon  this  principle  have 
been  devised,  and  when  any  of  them  is  employed  the  value  of  the  resistance 
under  investigation  is  obtained  by  putting  in  this  formula  the  values  of  elec- 
tromotive force  and  strength  of  current  that  result  from  the  particular 
arrangement  adopted. 

It  may  be  observed  with  regard  to  the  above  expression,  that  the  factors 
w,  u,  u\  sin  a  and  tan  /3,  are  all  of  them  simple  numbers,  that  T  and  H  are 
quantities  of  the  same  kind,  so  that  their  ratio  is  also  a  pure  number.  The 
only  factors  which  involve  reference  to  physical  units  are  therefore  r*,  r^  and 
If,  and  the  two  former  being  both  distances,  the  ratio  r'^r'  is  the  first  power 
of  a  distance,  while  «,  the  number  of  revolutions  per  unit  of  time,  is  the  re- 
ciprocal of  the  time  occupied  by  a  single  revolution.  Hence  the  expression 
for  the  absolute  resistance  of  a  conductor  is  in  all  cases  reducible  to 

a  distance  ^  ^  numerical  factor  ; 
a  time 

• 

that  is  to  say,  electrical  resistance  may  be  expressed  in  terms  of  the  units  of 
length  (or  distance)  and  time  in  the  same  manner  as  a  velocity,  and  the 
natural  unit  of  resistance,  like  the  natural  unit  of  velocity,  would  be  repre- 
sented by  a  unit  of  length  per  unit  of  time.  Adopting  the  C.G.S.  system,  the  ab- 
solute unit  of  resistance  becomes  one  centivtetre per  second \  such  a  resistance. 
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however,  is  so  small  that  resistances  commonly  occurring  in  practice  would 
have  to  be  represented  by  inconveniently  great  multiples  of  it  As  a 
practical  standard  of  resistance,  it  is  therefore  more  usual  to  employ  the 
ohm  (963),  which  is  a  resistance  of  one  thousand  million  centimetres  per 
second,  or 

lo*  centimetres 
I  second 

955.  "Wlieatstone**  bridge. — The  various  methods  of  determining  the 
electrical  conductivity  of  a  body  consist  essentially  in  ascertaining  the  ratio 
between  the  resistance  of  a  certain  length  of  the  conductor  in  question, 
having  a  given  section,  to  that  of  a  known  length  of  a  known  section  of  some 
substance  taken  as  standard.  The  most  convenient  method  of  ascertaining 
experimentally  the  ratio  between  the  resistance  of  two  conductors  is  by  a 
method  known  as  that  of  Wheatston^s  bridge,  the  general  principle  of  which 
may  be  thus  stated  : — 

The  conductors,  which  may  be  denoted  by  AB  and  BC,  are  connected  end 
to  end,  as  shown  in  fig.  874,  and  one  end  of  each  is  also  connected  with  a 
battery,  say  the  end  A  of  AB  with  the  positive  pole,  and  the  end  C  of  BC 
with  the  negative  pole  ;  the  ends  that  are  in  connection  with  the  battery  arc 
likewise  connected  together  by  another  conductor  AB'C.  A  current  will 
thus  pass  from  A  to  C  by  each  of  the  two  paths  ABC  and  AB'C,  and  there 


Fig.  874« 

will  be  a  gradual  fall  of  potential  in  passing  from  A  to  C  along  either  path, 
so  that  for  every  point  in  the  conductors  AB  and  BC,  there  is  a  point  in  the 
wire  AB'C  which  has  the  same  potential.  If  one  end  of  a  galvanometer 
wire  BOB'  be  connected  with  the  point  of  junction  B,  the  point  of  AB'C 
which  has  the  same  potential  as  the  point  B  can  be  found  by  applying  the 
other  end  of  the  galvanometer  wire  to  AB'C,  and  shifting  the  point  of  con- 
tact towards  A  or  C  until  the  galvanometer  shows  no  deflection.  Let  B'  be 
the  point  so  found  ;  the  fact  that  when  it  is  connected  with  B  by  the  bridge 
BOB'  no  current  passes  from  one  to  the  other  proves  that  the  potential 
at  B'  is  the  same  as  the  potential  at  B.  From  this  it  follows  that  if  r  and  r* 
are  the  resistances  of  AB  and  BC  respectively,  and  j  and  s'  the  resistances 
of  AB'andB'C, 

r  \  r'  ^s  \  s\ 

If  the  conductor  AB'C  is  a  wire  of  uniform  material  and  diameter,  the 
ratio  of  the  resistances  j  and  s'  will  be  the  ratio  of  the  lengths  of  the  corre- 
sponding portions  of  wire,  and  can  therefore  be  at  once  really  ascertained. 

To  prove  this,  let  MN,  NO,  MN'  and  N'O'  (fig.  875)  be  taken  in  the 
same  straight  line,  proportional  respectively  to  the  several  resistances 
r,  r',  ^,  /  ;  and  let  MP  be  drawn  at  right  angles  to  O'MO  of  a  length  pro- 
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portional  to  the  difference  of  potential  between  the  points  A  and  C  Then 
if  the  straight  lines  PO  and  PO'  be  drawn,  the  potential  at  N  (the  point  of 
junction  of  the  conductors  whose  resistances  r  and  r'  are  to  be  compared — 


Fig.  875. 

i,e,  the  point  corresponding  to  B  in  the  previous  figure)  will  be  given  by  the 
length  of  the  line  NQ,  drawn  from  N  at  right  angles  to  NO  ;  and  the  point 
N'  (corresponding  to  B'  in  the  previous  figure)  where  the  potential  is  the 
same  as  at  N  will  be  found  by  drawing  QQ'  parallel  to  00',  and  letting  fall 
from  Q'  the  perpendicular  Q'N'  upon  O'M.  The  geometry  of  the  figure 
gives  obviously. 

r    .NQ^^^     ._N^ 
r^r'     MP  j  +  j'      MP' 


and  therefore  since  NQ  =  N,Qj 


A  convenient  form  of  Wheatstone's  bridge,  and  one  well  adapted  for 
purposes  of  instruction,  is  that  represented  in  fig.  876.  It  consists  of  a  long 
mahogany  board,  on  which  is  fixed  a  thick  copper  band,  which  practically 
offers  no  resistance.     To  the  ends  of  this  band  is  fixed  a  straight  platinum 


Fig.  876. 

wire,  near  which  is  a  scale  divided  into  100  parts.  At  c  and  d  are  breaks 
in  the  copper  band,  provided  with  binding  screws,  in  which  are  introduced 
the  resistances  to  be  compared,  o  and  x.  The  wires,  from  an  element 
which  gives  only  a  weak  current,  so  as  not  to  introduce  heating  effects, 
are  connected  with  the  binding  screws  b  and  b\  Another  wire  connects  the 
binding  screw  g  and  one  end  of  a  sensitive  galvanometer,  the  other  end 
of  which  is  connected  with  a  sliding  spring  contact-key  j^,  which  is  so 
constructed  that  when  the  knob  is  depressed  a  knife-edge  makes  contact 
with  any  part  of  the  wire.    The  resistances  to  be  compared  having  bcetv 
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introduced  at  c  and  </,  the  position  on  the  platinum  wire  is  found  by  trial, 
at  which,  when  the  key  is  depressed,  the  needle  of  the  galvanometer  is  not 
deflected.  When  this  is  found  for  instance  at  34,  the  resistance  of  o  :  the 
resistance  oi  x  =■  34  :  66. 

The  principle  of  Wheatstone's  bridge  is  of  constant  use  in  the  measure- 
ments required  in  telegraphy,  and  many  other  applications  of  electricit)'. 
In  practice  the  variations  of  the  resistance  are  effected  by  means  of  resist- 
ance coils  (953)  suitably  arranged. 

The  resistance  of  a  galvanometer  may  be  determined  by  making  it  one 
of  the  four  conductors  of  a  Wheatstone's  bridge  arrangement  ;  replacing  it 
in  the  bridge  by  an  ordinary  contact-key.  The  resistances  of  the  other 
conductors  are  then  varied  until,  on  making  contact,  the  deflection  of  the 
galvanometer  is  constant. 

956.  Bquivalent  conductors. — The  resistance  of  a  conductor  depends, 
as  we  have  seen  (825),  on  its  length,  section,  and  conductivity.  Two  con- 
ductors, C  and  C,  whose  length,  conductivity,  and  section  are  respectively 
X,X',  «f,«c',  a),<i)',  would  offer  the  same  resistance,  and  might  be  substituted  for 
each  other  in  any  voltaic  circuit,  without  altering  its  strength,  provided  that 

^  ^~^,  \  and  such  conductors  are  said  to  be  equivalent  to  each  other.    An 

example  will  best  illustrate  the  application  of  this  principle. 

It  is  required  to  know  what  length  of  a  cylindrical  copper  wire  4  mm.  in 
diameter  would  be  equivalent  to  12  metres  of  copper  wire  i  mm.  in  dia- 
meter. 

Let  X=  12  the  lenj^th  of  the  copper  wire  i  mm.  in  diameter,  and  X'the 
length  of  the  other  wire ;  then  since  in  this  case  the  material  is  the  same 

the  conductivity  is  the  same,  and  the  equation  becomes-  =  - .    Now  the 

sections  of  the  wires  are  directly  as  the  squares  of  the  diameters,  and  hence 

1 2     X' 
we  have    ^  =  — ,  or  X'=  12  >t  16=  192.     That  is,  192  metres  of  copper  wire  4 

r-    4- 

mm.  in  thickness  would  only  offer  the  same  resistance  as  12  metres  of  copper 
wire  I  mm.  in  thickness. 

How  thick  must  an  iron  wire  be  which  for  the  same  length  shall  offer  the 
same  resistance  as  a  copper  wire  2*5  mm.  in  diameter? 

Here,  the  length  being  the  same,  the  expression  becomes  ko)  -  #c'a)',  or  since 
the  sections  are  as  the  squares  of  the  diameter,  Kd^ « icV,^  The  conductivity 
of  copper  is  unity,  and  that  of  iron  0*138.  Hence  we  have  2*5*  =  //^  x  0*138 
or  ^'''«6-25^o-i38^45*3  mm.  or  ^'  =  6*7  mm.  That  is,  any  length  of  a 
copper  wire  2*5  mm.  in  diameter  might  be  replaced  by  iron  wire  of  the  same 
length,  provided  its  diameter  were  6*7  mm. 

957.  determination  of  tlie  internal  resistance  of  an  element.— The 
following  is  a  method  of  determining  the  internal  resistance  of  an  element 
A  circuit  is  formed  consisting  of  one  element,  a  rheostat,  and  a  galvanometer, 
and  the  strength  C  is  noted  on  the  galvanometer.  A  second  element  is  then 
joined  with  the  first,  so  as  to  form  one  of  double  the  size,  and  therefore  half 
the  resistance,  and  then  by  adding  a  length,  /,  of  the  rheostat  wire,  the 
strength  is  brought  to  what  it  originally  was.  Then  if  E  is  the  electromotive 
force,  and  R  the  resistance  of  the  element,  r  the  resistance  of  the  galvano- 
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meter  and  the  other  parts  of  the  circuit ;  the  current  strength  C  in  the  one 

E                                           E 
case  is  C  -  ^  -       and  in  the  other  -  — and  since  the  strength  in  both 

cases  is  the  same,  R  ^  2/. 

Another  method  is  that  due  to  Mance.  The  element  whose  internal 
resistance  is  to  be  determined  is  placed  in  one  of  the  arms  of  a  Wheatstone 
bridge  as  at  fig.  876,  a  resistance-box  being  placed  in  the  other.  The  gal- 
vanometer is  connected  with  the  ends  of  the  wire,  and  a  simple  contact-key  is 
interposed  in  the  ordinary  position  of  the  galvanometer,  and  by  trial  its  posi- 
tion is  found  for  the  sliding  contact  such  that  when  the  key  is  depressed  no 
alteration  is  produced  in  the  deflection  of  the  galvanometer.  When  this  is 
found  the  ordinary  conditions  of  the  bridge  hold,  that  is,  that  the  cross  pro- 
ducts of  the  resistances  are  equal. 

958.  aieotiioal  oonduetlTftsr. — We  can  regard  conductors  in  two 
aspects,  and  consider  them  as  endowed  with  a  greater  or  less  facility  for 
allowing  electricity  to  traverse  them,  a  property  which  is  termed  conductivity^ 
or  we  may  consider  conductors  interposed  in  a  circuit  as  offering  an  obstacle 
to  the  passage  of  electricity — that  is,  a  resistance  which  it  must  overcome. 
A  good  conductor  offers  a  feeble  resistance,  and  a  bad  conductor  a  great 
resistance.     Conductivity  and  resistance  are  the  inverse  of  each  other. 

The  conductivity  of  metals  has  been  investigated  by  many  physicists  by 
methods  analogous  in  general  to  that  described  in  the  preceding  paragraph, 
and  very  different  results  have  been  obtained.  This  arises  mainly  from  the 
various  degrees  of  purity  of  the  specimens  investigated,  but  their  molecular 
condition  has  also  great  influence.  Matthiessen  found  the  difference  in  con- 
ductivity between  hard-drawn  and  annealed  silver  wire  to  amount  to  8*5, 
for  copper  2*2,  and  for  gold  1*9  per  cent.  The  following  are  results  of  a 
series  of  careful  experiments  by  Matthiessen  on  the  electrical  conductivity 
of  metals  at  0°  C.  compared  with  silver  as  a  standard  : — 


Silver    . 

loo-o 

Platinum 

i8-o 

Copper . 

.      99*9 

Iron    . 

i6-8 

Gold     . 

8o-o 

Tin 

lyi 

Sodium . 

.       37*4 

Lead  . 

8-3 

Aluminum 

34-0 

German  Silver 

77 

Zinc 

29-0 

Antimony 

4-6 

Cadmium 

237 

Mercury 

1-6 

Brass    . 

22-0 

Bismuth 

1*2 

Potassium 

20-8 

Graphite 

0*07 

Silver  and  copper  have  the  smallest  resistance  for  a  given  volume^  while 
aluminum  has  the  smallest  for  a  given  weight. 

The  conductivity  of  metals  is  diminished  by  an  increase  in  temperature. 
The  law  of  this  diminution  is  expressed  by  the  formula 

where  k,  and  k^  are  the  conductivities  at  /  and  0°  respectively,  and  a  and  b 
are  constants,  which  are  probably  the  same  for  all  pure  metals.  For  ten 
metals  investigated  by  Matthiessen  he  found  that  the  conductivity  is  ex- 
pressed by  the  formula 

K  —  K  o  ( I  -  0*0037647/ + 0-00000834/'). 
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It  seems  that  this  value  is  about  0-00368  for  each  degree  C.  This  co- 
efficient agrees  in  a  surprising  manner  with  the  coefficient  of  expansion  of 
gases,  which  is  5^3. 

Liquids  are  far  worse  conductors  than  metals.  The  conductivity  of 
a  solution  of  one  part  of  chloride  of  sodium  in  100  parts  of  water  is 
3ooooo5ii  ^^^  ^^  copper.  In  general,  acids  have  the  highest  and  solutions  of 
alkalies  and  neutral  salts  the  lowest  conductivity.  Yet,  in  solutions,  the 
conductivity  does  not  increase  in  direct  proportion  to  the  quantity  of  salt 
dissolved.  If  two  badly  conducting  liquids  be  mixed  the  conductivity  of  the 
mixture  is  greater  than  that  of  either  of  the  constituents. 

The  following  is  a  list  of  the  conductivity  of  a  few  liquids  as  compared 
with  that  of  pure  silver. 


Pure  silver        ... 

100,000,000,000 

Nitrate  of  copper,  saturated  solution 

8990 

Sulphate  of  copper            ditto 

5420 

Chloride  of  sodium            ditto 

31520 

Sulphate  of  zinc                 ditto 

5770 

Sulphuric  acid,  rio  sp.  gr. 

99070 

„            „       1-24sp.gr.       . 

132750 

„             „       1-40  sp.  gr.       . 

90750 

Nitric  acid,  commercial 

88680 

Distilled  water  ,           .             .             . 

7 

The  last  number  was  that  found  by  Kohlrausch  for  distilled  water,  which 
had  been  specially  purified.  Accordingly,  a  disc  of  water  a  millimetre  in 
thickness  offers  the  same  resistance  as  a  column  of  silver  of  the  same  diameter, 
but  of  a  length  equal  to  that  of  the  moon's  orbit.  The  least  trace  of  im- 
purity in  water  markedly  raises  its  conductivity  :  thus  standing  in  the  air  for 
5  hours  doubles  it ;  the  addition  of  a  millionth  part  of  sulphuric  acid  that  is, 
a  drop  in  about  17  gallons — increases  the  conductivity  tenfold. 

Liquids  and  fused  conductors  increase  in  conductivity  by  an  increase  of 
temperature.     This  increase  is  expressed  by  the  formula 

K^^K,,  (l  +«/), 

and  the  values  of  a  are  considerable.     Thus,  for  a  saturated  solution  of  sul- 
phate of  copper,  it  is  0*0286. 

The  influence  of  light  upon  electrical  conductivity  in  the  case  of  selenium 
has  been  already  alluded  to  (930),  and  is  directly  proved  by  the  following 
experiment.  A  thin  strip  of  this  metalloid,  about  38  mm.  in  length,  by  13 
in  breadth,  was  provided  at  the  ends  with  conducting  wires  and  placed  in  a 
box  with  a  draw-lid.  The  selenium,  having  been  carefully  balanced  in  a 
Wheatstone's  bridge,  was  exposed  to  diffused  light  by  withdrawing  the 
lid,  when  the  resistance  at  once  fell  in  the  ratio  of  1 1  to  9.  On  exposure  to 
the  various  spectral  colours,  after  having  been  in  the  dark,  it  was  found  to 
be  most  affected  by  the  red  ;  but  the  maximum  action  was  just  outside  the 
red,  where  the  resistance  fell  in  the  ratio  of  3  to  2.  Momentary  exposure 
to  the  light  of  a  gas  lamp  or  even  to  that  of  a  candle  causes  a  diminution 
of  resistance.  Exposure  to  full  sunlight  diminished  the  resistance  to 
one  half. 
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The  effect  produced  on  exposure  to  light  is  immediate,  while  recurrence 
to  the  normal  state  takes  place  more  slowly.  A  vessel  of  hot  water  placed 
near  the  strip  produced  no  effect,  and  hence  the  phenomenon  cannot  be  due 
to  heat,  but  there  appear  to  be  certain  rays  which  have  the  power  of  pro- 
ducing a  molecular  change  in  the  selenium  by  which  its  conductivity  is  in- 
creased. 

959.  BetanniBatloB  of  eleetromotlve  force.  lVlieatstoBe*s  metliod. 
In  the  circuit  of  the  element  whose  electromotive  force  is  to  be  determined 
a  tangent  galvanometer  and  a  rheostat  are  inserted,  the  latter  being  so 
arranged  that  the  strength,  C,  of  the  current  is  a  definite  amount ;  for 
example,  the  galvanometer  indicates  45^  By  increasing  the  amount  of  the 
rheostat  wire  by  the  length,  /,  a  diminished  strength,  c  (for  instance,  40°),  is 
obtained. 

A  second  standard  element  is  then  substituted  for  that  under  trial,  and 
by  arranging  the  rheostat,  the  strength  of  the  current  is  first  made  equal  to 
Cy  and  then,  by  addition  of  /  lengths  of  the  rheostat,  is  made  «  c. 

Then  if  E  and  E,  are  the  two  electromotive  forces,  R  and  Rj  their  resist- 
ances when  they  have  the  intensity  I,  and  /  and  /,  the  lengths  added,  we 
have 

Trial  Element.  Standard  Element. 

R  R, 

R  +  /  R,+/, 

from  which  we  have 

e-e' 

*1 

Hence  the  electromotive  forces  of  the  elements  compared  are  directly  as  the 
lengths  of  the  wire  interposed. 

Another  method  is  described  by  Wiedemann.  The  two  elements  are 
connected  in  the  same  circuit  with  a  tangent  galvanometer,  or  other  appa- 
ratus for  measuring  strength,  first  in  such  a  manner  that  their  currents  go 
in  the  same  direction,  and  secondly  that  they  are  opposed.  Then  if  the 
electromotive  forces  are  E  and  E',  their  resistances  are  R  and  R',  the  other 
resistances  in  the  circuits  r,  while  C^  is  the  intensity  when  the  elements  are 
in  the  same  direction,  and  Cd  the  intensity  when  they  go  in  opposite  direc- 
tions, then 

^•"RTR':.r^"^^-'RTR'^r' 
whence  E'  -  ^.^^-^^^^^ 

960.  Btemens*  eleotrieal  reststanoe  tbermometer. — Supposing  in  a 
Wheatstone's  bridge  arrangement,  after  the  ratio  r  :  r,  -  J  :  ^i  has  been  estab- 
lished, the  temperature  of  one  of  the  coils,  r,  for  instance,  be  increased,  the 
above  ratio  will  no  longer  prevail,  for  the  resistance  of  r  will  have  been 
altered  by  the  temperature,  and  the  ratio  of  s  and  J,  must  be  altered  so  as  to 
produce  equivalence.  On  this  idea  Siemens  has  based  a  mode  of  observing 
the  temperature  of  places  which  are  difficult  of  direct  access.    He  places  a 
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coil  of  known  resistance  in  the  particular  locality  whose  temperature  is  to  be 
observed  :  it  is  connected  by  means  of  long  good  conducting  wires  with  the 
place  of  observation,  where  it  forms  part  of  a  Wheatstone's  bridge  arrange- 
ment. The  resistance  of  the  coil  is  known  in  terms  of  the  rheostat,  and  by 
preliminary  trials  it  has  been  ascertained  how  much  additional  wire  must  be 
introduced  to  balance  a  given  increase  in  the  temperature  of  the  resistance 
coil.  This  being  known,  and  the  apparatus  adjusted  at  the  ordinary  tempera- 
ture, when  the  temperature  of  the  resistance  coil  varies,  this  variation  in  either 
direction  is  at  once  known  by  observing  the  quantity  which  must  be  brought 
in  or  out  of  the  rheostat  to  produce  equivalence. 

This  apparatus  has  been  of  essential  service  in  watching  the  tempera- 
ture of  large  coils  of  telegraph  wire,  which,  stowed  away  in  the  hold  of  vessels, 
are  very  liable  to  become  heated.  It  might  also  be  used  for  the  continuous 
and  convenient  observation  of  underground  and  submarine  temperatures. 
If  a  coil  of  platinum  wire  were  substituted  for  the  copper,  the  apparatus  could 
be  used  for  watching  the  temperature  of  the  interior  of  a  furnace.  It  has 
been  found  that  the  magnetism  of  ships  (715)  excited  so  perturbing  an 
influence  on  the  needle  of  the  galvanometer  as  to  make  its  indications 
untrustworthy.  Hence  for  use  in  such  cases  Siemens  replaces  the  galvano- 
meter, as  an  indicator,  by  a  voltameter  specially  constructed  for  the  purpose 
The  same  principle  has  been  applied  by  Professor  Langley  to  the  inven- 
tion of  an  instrument  called  the  Bolovuier^  for  measuring  radiant  heat.  In 
the  two  arms  of  a  Wheatstone's  Bridge  are  introduced  resistances  which 
have  very  small  mass,  each  consisting  of  a  band  of  iron  half  a  millimetre  jn 
breadth,  and  0-004  mms.  in  thickness  folded  on  itself  14  times  so  as  to  form 
a  rectangle  07  cm.  in  length  by  1*2  cm.  in  breadth.  The  sensitiveness  is 
far  greater  than  that  of  the  most  sensitive  thermopile,  and  makes  it  possible 
to  measure  a  difference  of  temperature  of  the  jo^yg  of  a  degree  between  the 
two  resistances.  It  has  been  used  by  the  inventor  to  measure  the  distribu- 
tion of  heat  in  the  solar  spectrum. 

961.  Divided  or  branoli  currents. — In  fig.  877  the  current  from  Bunsen's 
element  traverses  the  wire  rqpnvi :  let  us  take  the  case  in  which  any  two 

points  of  this 
circuit,  n  and  q^ 
are  joined  by 
a  second  wire, 
nxq.  The  cur- 
rent will  then 
divide  at  the 
point  q  into  two 
others,  one  of 
^*g-  S77.  which    goes  in 

the  direction  qpnw^  while  another  takes  the  direction  qxnm.  The  two  points 
q  and  n  from  which  the  second  conductor  starts  and  ends  are  called  ihepoints 
of  derivation^  the  wire  qpm  and  the  wire  qxn  are  det  ived  wires.  The  currents 
which  traverse  these  wires  are  called  the  def  ived  ox  partial  currents)  the 
current  which  traversed  the  circuit /y^/////  before  it  branches  is  Xh.^  primitive 
current :  and  the  name  principal  airrent  is  given  to  the  whole  of  the  current 
which  traverses  the  circuit  when  the  derived  wire  has  been  added.    The 
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principal  current  is  stronger  than  the  primitive  one,  because  the  interposition 
of  the  wire  qxn  lessens  the  total  resistance  of  the  circuit. 

If  the  two  derived  wires  are  of  the  same  length  and  the  same  section,  their 
action  would  be  the  same  as  if  they  were  juxtaposed,  and  they  might  be 
replaced  by  a  single  wire  of  the  same  length  but  of  twice  the  section,  and 
therefore  with  half  the  resistance.  Hence  the  current  would  divide  into  two 
equal  parts  along  the  two  conductors. 

When  the  two  wires  are  of  the  same  length  but  of  different  sections,  the 
current  would  divide  unequally,  and  the  quantity  which  traversed  each  wire 
would  be  proportional  to  its  section,  just  as  when  a  river  divides  into  two 
branches,  the  quantity  of  water  which  passes  in  each  branch  is  proportional 
to  its  dimensions.  Hence  the  resistance  of  the  two  conductors  joined  would 
be  the  same  as  that  of  a  single  wire  of  the  same  length,  the  section  of  which 
would  be  the  sum  of  the  two  sections. 

If  the  two  conductors  qfrn  and  qxn  are  different,  both  in  kind,  length, 
and  section,  they  could  always  be  replaced  by  two  wires  of  the  same  kind 
and  length,  with  such  sections  that  their  resistances  woul4  be  equal  to  the 
two  conductors ;  in  short,  they  might  be  replaced  by  equivalent  conductors. 
These  two  wires  would  produce  in  the  circuit  the  same  effect  as  a  single 
wire,  which  had  this  common  length,  and  whose  section  would  be  the  sum 
of  the  sections  thus  calculated.  The  current  divides  at  the  junction  into  two 
parts  proportional  to  these  sections,  or  inversely  as  the  resistances  of  the  two 
wires.  Suppose,  for  instance,  qpn  is  an  iron  wire  5  metres  in  length  and 
3  mm.  square  in  section,  and  qxn  a  copper  wire. 

The  first  might  be  replaced  by  a  copper  wire  a  metre  in  length,  whose 
section  would  be  ?  x  1  (taking  the  conductivity  of  copper  at  7  times  that  of 
iron)  or  3^  square  mm.  The  second  wire  might  be  replaced  by  a  copper 
wire  a  metre  in  length  with  a  section  of  §  square  mm.  These  two  wires 
would  present  the  same  resistance  as  a  copper  wire  a  metre  in  length,  and 
with  a  section  of  .,\  + 1  =  3Y3  square  millimetres. 

The  principal  current  would  divide  along  the  wires  into  two  portions,  which 
would  be  as  3^  :  \, 

The  most  important  laws  of  divided  circuits  are  as  follows  : 

i.  The  sum  of  the  strengths  in  the  divided  parts  of  a  circuit  is  equal  to 
the  strength  of  the  principal  current. 

ii.  The  strengths  of  the  currents  in  the  divided  parts  of  a  circuit  are 
inversely  as  their  resistances ;  or,  what  is  the  same,  the  division  of  a  current 
into  partial  currents  which  lie  between  two  points  is  directly  as  the  respective 
conductivities  of  these  branches. 

And  as  problems  on  divided  circuits  frequently  occur  in  telegraphy,  the 
following  formula^  which  include  these  laws,  are  given  for  a  simple  case. 

If  C  be  the  strength  of  the  current  in  the  undivided  part  of  the  circuit 
rqpnm,  and  if  c  is  the  strength  in  one  branch  (say)  in  the  above  figure  qpn 
and  cf  in  qxn  ;  if  R,  r,  and  r,  are  the  corresponding  resistances,  the  electro- 
motive force  being  E,  then 


C-    \!^^.tl.^'^-.  c^       --^'' 


Kr  +  r,  +  rr,  Rr  +  Rr,  +  rr,  ""  Rr  +  Rr,  +  rr^ 

The  resistance  R,  of  the  whole  circuit  is 
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R^.R  +  .'T', 
r-^r 


and  therefore  the  total  resistance  of  the  branch  currents  qpn  and  qxn  is 

r  +  r/ 

962.  Tlie  eleotrodynamometer. — The  principle  of  the  electrodynamo- 
meter  is  that  of  measuring  the  repulsion  either  between  the  same  or  dif- 
ferent parallel  currents  moving  in  opposite  directions,  one  of  them  being  fixed 
and  the  other  movable.  Fig.  878  represents  the  essential  features  of  a  fonn 
devised  by  Messrs.  Siemens  for  measuring  the  strength  of  the  powerfiil 
currents  used  in  electric  lighting ;  ?£/  is  a  fixed  coil  of  stout  insulated  copper 
wire,  and  w'  a  single  wire  ;  n  n  are  mercury  cups,  and  k  k  binding  screws,  by 
which  connection  is  made  with  the  main  circuit  L  L. 

The  wire  ii/  is  surrounded  by  a  stout  spiral  spring,  which  is  connected 
at  one  end  with  this  wire,  and  at  the  other  with  a  screw  s\  this  is  pro- 
vided with  an  index  z  which  moves  over  a  graduated  scale  s.  An  index 
z'z'  is  also  fixed  to  the  wire  w'.  At  the  outset  both  indexes  point  to  zero ; 
when  a  current  passes  it  will  be  seen  from  the  direction  of  the  arrows 

that  it  traverses  the  fixed  and  movable  coils  in  opposite 
directions,  and  the  point  z'  is  displaced  along  the  scale. 
By  turning  the  screw  s  it  is  brought  back  to  zero,  in  doing 
which  the  index  z  is  moved  through  an  angle,  which  is  a 
measure  of  the  torsion  of  the  spiral  spring  y,  and  this  anj;lc 
is  proportional  to  the  square  of  the  strength  of  the  current 
by  which  the  movable  coil  is  deflected. 

963.  Absolute  electrical  units. — The  great  importance 
of  having  a  unifonn  system  of  measurements  of  physical 
magnitudes  which  should  be  universally  adopted  is  at  once 
obvious,  and  this  has  been  more  especially  felt  in  the  appli- 
cations of  electricity.  The  first  step  in  this  direction  was 
taken  by  the  British  Association,  who  adopted  the  system 
of  absolute  units  known  as  the  C.G.S.  system,  of  which 
mention  has  already  been  made,  and  which  this  account  is 
intended  to  supplement.  For  further  information  the  stu- 
dent is  referred  to  Prof.  Everett's  *  Physical  Units  and 
Constants.' 

The  fundamental  or  arbitrary  units  on  which  this  system 
is  based  are  those  of  length  (L),  the  centimetre,  of  mass  (Mji 
the  gramme,  and  of  time  (S),  the  second.    From  these  fun- 
damental units  the  derived  or  secondary  units  are  obtained. 
The  relation  in  which  any  magnitude  stands  to  the  fundamental  units  is 
called  the  dimensions  of  that  unit. 


Fig.  878. 
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Mechanical  Units. 

Velocity,  u.  The  velocity  of  a  body  is  the  distance  traversed  by  a 
noving  body  in  unit  time.    It  is,  therefore,  the  quotient  of  a  length  by  a  time  ; 

ts  dimensions  are  [u]«  =  «LT"*. 

Acceleration.  A.  The  unit  of  acceleration  is  that  of  a  moving  body  the 
'clocity  of  which  increases  by  unit  length  in  unit  time.     Hence  its  dimensions 

ire[A]  ■■  ,p  =  LT-'.    The  unit  of  acceleration  is  therefore  the  acceleration  of 

I  body  whose  velocity  increases  a  centimetre  in  a  second. 

Force.  F.  The  unit  of  force  is  that  which  imparts  unit  acceleration  to 
init  mass  in  unit  time  ;  it  is,  therefore,  the  product  of  a  mass  into  an  accele- 
ation,  and  its  dimensions  [F]-MLT'*,  It  is  the  force  which,  acting  on  a 
;ramme  for  a  second,  imparts  to  it  a  velocity  of  one  centimetre.  This  unit 
s  called  a  Dyne.  The  force-  represented  by  the  weight  of  a  body  differs  in 
lifierent  parts  of  the  earth  (29).  At  Greenwich  (79)  it  imparts  to  a  body  an 
icceleration  of  9'8i  1 5  metres  «  981  centimetres ;  hence  the  force  of  a  gramme 
5  equal  to  981  dynes  ;  that  is,  it  is  a  force  which  is  very  nearly  that  of  a  milli- 
jamme. 

Work  or  energy.  W.  This  is  the  work  done  by  unit  force  in  moving  its 
K>int  of  application  through  unit  length.  The  dimensions  are  [W]  =  PL  = 
liLT  '.  The  unit  of  work  is  called  an  Ergy  and  is  a  dyne  moved  through 
I  centimetre. 

Electrical  Units, 

The  essence  of  an  absolute  system  of  physical  measurements  is  that  the 
arious  units  may  be  directly  expressed  in  mechanical  units.  A  system  of 
.bsolute  electrical  units  may  be  based  on  either  the  electrostatic,  the  electro- 
tiagnetic,  or  again  on  the  electrodynamic  actions.  There  is  no  theoretical 
eason  why  one  should  be  preferred  to  another  of  these,  but  in  practice  only 
he  two  former  are  used.  Of  these  the  electrostatic  system  is  perhaps  the 
impler,  but  that  based  on  electromagnetism  is  most  convenient,  and  best 
snds  itself  to  the  practical  determination  of  the  most  important  standards, 
uch  as  those  of  electromotive  force  and  resistance. 

Electrostatic  Units. 

We  shall  distinguish  the  dimensions  of  these  units  by  small  letters  placed 
a  brackets. 

Quantity  of  Electricity,  g.  Coulomb's  law  given  for  the  repulsive  force 

letween  two  equal  quantities  ^,  of  electricity  at  the  distance/,/-^  (734)i 

rom  which  q^l »Jf.     Hence  we  have  for  the  dimensions  of  unit  quantity 
f  electricity  \g]  -  //i  -  UM4T-*. 

Potential,  v.  The  potential  of  a  quantity  of  electricity  at  the  distance  /, 

i  the  quotient  of  the  quantity  by  the  distance.     Hence  [v] «  ^  -  L4M^T~*. 
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Capacity,  c.    The  electrostatic  capacity  of  a  conductor  is  the  quotient  of 
the  quantity  of  electricity  with  which  it  is  charged,  by  the  potential  which 

this  quantity  produces  in  it  ;[.]  =  ?  from  which  [.]  -  L.     Hence  the  capacity 

of  a  conductor  is  expressed  by  a  length.  Unit  capacity  is  thus  that  of  a  body 
which  is  raised  by  unit  quantity  to  unit  potential.  An  insulated  conducting 
sphere  which  has  a  diameter  of  one  centimetre  has  unit  capacity. 

Current.  t\  The  strength  of  an  electrical  current  is  the  quantity  of 

electricity  which  passes  in  a  given  time  ;  [/]=  i  «L'M  T"^      Accordingly 

unit  current  is  that  which  conveys  unit  quantity  in  a  second. 

/Resistance,  r.  From  Ohm's  law  (825),  the  resistance  of  a  conductor  is 
the  quotient  of  difference  of  potentials  at  the  two  ends  of  a  wire  by  the 

strength  of  a  current.      Hence  M  -^  =  L~*T,  which  shows  that  the  dimcn- 

i 

sions  of  resistance  are  the  inverse  of  a  velocity. 
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Qua7iiity  of  viaptetisin.  M.  From  Coulomb's  lawy-  from  which  [3/] 


3  \ 

a  L  M"T"',  that  is,  the  same  as  that  of  quantity  of  electricity  on  the  electro- 
static system.  Unit  magnetic  pole  is  that  which  repels  an  equal  pole  at  a 
distance  of  a  centimetre  with  a  force  of  a  dyne. 

Magnetic  Field.  H.  Unit  magnetic  field  is  that  field  in  which  unit  of 
quantity  magnetism  is  acted  on  by  unit  force.     Hence  F  =  H  J/  from  which 

[H]  =  L-Sl-T->. 

Current,  I.  The  unit  of  electrical  current  on  the  electromagnetic  system 
is  that  which  traversing  unit  length  of  an  arc  of  a  circle  of  unit  radius 
exerts  unit  force  on  unit  pole,  or  unit  magnetism  at  its  centre.     Its  dimen- 

sions  are  [I]  =  L  M  T~'. 

(2uantity.  Q.  The  quantity  of  electricity  conveyed  by  a  conductor  is  the 
product  of  the  current  by  the  time  that  it  lasts.  Hence  unit  quantity  is  that 
which  passes  in  a  second  in  a  conductor  in  which  unit  current  is  flowing, 
[Q]  =  IT  =  IJM*. 

Resistance.  R.     The  resistance  of  a  conductor  may  be  defined  by  Joule's 

law  ;  W  =  1-RT.     From  this  we  get  [R]  =     -,  that  is,  the  resistance  of  acon- 

ductor  is  expressed  by  a  velocity. 

Electromotive  force.     Difference  of  potentials  [E].     From  Ohm's  law[E] 

=  IR  =  L^M^T  -. 

964.  Practical  units. — The  values  of  the  absolute  units  in  the  C.G.S. 
system  are  not  convenient  for  measuring  the  magnitudes  which  ordinarily 
occur.  Thus  the  absolute  unit  of  resistance  is  that  represented  by  the 
twenty-thousandth  part  of  a  millimetre  of  pure  copper  wire  a  millimetre  in 
diameter.  It  has  therefore  been  necessary  to  choose  units  better  suited 
for  practical  uses,  and  an  International  Congress  of  Electricians  at  Paris  in 
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1 88 1  agreed  to  recommend  the  following  for  general  adoption,  which  are  in 
the  main  those  introduced  by  the  British  Association. 

The  practical  unit  of  resistance  is  equal  to  10^  absolute  C.G.S.  units  of 
resistance,  and  is  called  the  Ohm,  It  has  been  decided  to  represent  it  by  a 
column  of  pure  mercury  with  a  cross  section  of  a  square  millimetre ;  its 
exact  length  is  to  be  determined  experimentally  by  an  International  Com- 
mission, but  it  will  be  very  near  1*059  metre.  A  wire  of  pure  copper,  a 
millimetre  in  diameter,  and  48*64  metres  in  length,  has  a  resistance  of  one 
ohm. 

The  Volt  is  the  practical  unit  of  electromotive  force  or  of  difference  of 
potentials,  and  is  equal  to  10^  absolute  units.  The  electromotive  force  of  a 
Daniell's  cell  is  about  a  tenth  greater  than  a  Volt. 

The  Amplre  is  the  unit  of  current,  and  is  the  current  produced  by  the 
electromotive  force  of  a  Volt  in  a  circuit  having  a  resistance  of  an  ohm.  It  is 
therefore  equal  to  10-*  C.G.S.  units. 

The  Coulomb  is  the  unit  of  quantity  of  electricity,  and  is  that  quantity 
which  traverses  the  section  of  a  wire  in  a  second,  when  a  current  of  an 
Ampere  is  passing  through  it. 

The  Farad  is  the  unit  of  capacity,  and  is  such,  that  in  a  condenser  of 
that  capacity,  the  quantity  of  a  Coulomb  produces  a  difference  of  potential 
of  a  Volt.     It  is  10^  C.G.S.  units. 

In  order  to  express  multiples  and  sub-multiples  the  prefixes  mega  or 
micro  are  used,  which  are  respectively  a  million  times  as  great  or  as  small. 
Thus  a  megohm  is  10'  ohms,  that  is  10'^  absolute  units  of  resistance.  In 
like  manner  a  microhm  is  io~^  ohm,  that  is  lo*  -  1000  such  units.  The 
microfarad  is  the  millionth  part  of  a  Farad,  with  its  sub-multiples,  and  is 
indeed  the  practical  unit  of  capacity,  the  Farad  being  too  large  for  ordi- 
nary use.  The  capacity  of  the  earth  is  a  decifarad.  The  microfarad  is  10-" 
absolute  units.  A  Leyden  jar  with  a  total  coated  surface  of  a  square  metre, 
and  the  glass  of  which  is  i  mm.  thick,  has  a  capacity  of  ^  of  a  micro- 
farad. 

A  milliampire  is  the  thousandth  of  an  Ampere.  The  currents  which 
work  the  ordinary  Morse  receivers  have  a  strength  of  14  to  16  milliam- 
p^res. 

965.  delation  of  tlie  eleotrostatlo  to  tbe  eleotroxnairnetio  unit. — If 
we  compare  the  dimensions  of  the  units  of  quantity  and  the  other  electrical 
magnitudes  in  the  electrostatic  with  those  of  the  corresponding  dimensions 
as  expressed  in  the  electromagnetic  system,  we  find  that  the  ratio  between 

them  is  always  expressed  by  ^  ;  that  is,  by  a  velocity.    Now  the  ratio  of  the 

units  may  be  determined  experimentally.  Suppose,  for  instance,  that  a 
condenser  is  charged  with  electricity.  Knowing  its  dimensions,  the  quantity 
of  the  charge  may  be  determined  in  electrostatic  measure  by  measuring, 
for  instance,  the  repulsion  which  a  given  proportion  of  the  total  charge 
produces  in  a  torsion  balance.  Again,  th^  same  condenser,  being  charged 
to  the  same  extent,  may  be  discharged  through  a  galvanometer,  and  by 
measuring  the  deflection  produced,  and,  knowing  the  constants  of  the  instru- 
ment, the  quantity  may  be  determined  in  electromagnetic  units.  Similarly, 
by  making  determinations  of  the  ratio  in  all  cases  in  which  the  same  mag- 
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nitude  may  be  determined  in  electrostatic,  as  well  as  electromagnetic  measure, 
it  is  found  that  the  agreement  in  the  numbe  rs  found  is  very  dose,  and  as 
the  mean  of  the  best  results  is  2*9857  x  10**  centimetres,  or  185,521  miles 
per  second.  Now  this  number  agrees  very  closely  with  that  for  the  velocity 
of  light  (507).  This  coincidence  can  scarcely  be  accidental,  but  no  doubt 
arises  from  the  fact  that  the  phenomena  are  correlated,  and  that  the  medium 
in  which  the  two  actions  take  place  is  the  same . 
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CHAPTER  X. 

ANIMAL  ELECTRICITY. 

966.  iKiMoiilar  currents. — The  existence  of  electrical  currents  in  living 
muscle  was  first  indicated  by  Galvani,  but  his  researches  fell  into  oblivion 
after  the  discovery  of  the  voltaic  pile,  which  was  supposed  to  explain  all  the 
phenomena.  Since  then,  Nobili,  Matteucci,  and  others,  especially,  in  late 
years,  Du  Bois  Reymond,  have  shown  that  electric  currents  do  exist  in  living 
muscles  and  nerves,  and  have  investigated  their  laws. 

For  investigating  these  currents  it  is  necessary  to  have  a  delicate  gal- 
vanometer, and  also  electrodes  which  will  not  become  polarised  or  give  a 
current  of  their  own,  and  which  will  not  in  any  way  alter  the  muscle  when 
placed  in  contact  with  it ;  the  electrodes  which  satisfy  these  conditions  best 
are  those  of  Du  Bois  Reymond,  as  modified  by  Bonders.  Each  consists  of 
a  glass  tube,  one  end  of  which  is  narrowed  and  stopped  by  a  plug  of  paste 
made  by  moistening  china-clay  with  a  half  per  cent,  solution  of  common  salt ; 
the  tube  is  then  partially  filled  with  a  saturated  solution  of  sulphate  of  zinc, 
and  into  this  dips  the  end  of  a  piece  of  thoroughly  amalgamated  zinc  wire, 
the  other  end  of  which  is  connected  by  a  copper  wire  with  the  galvanometer  ; 
the  moistened  china-clay  is  a  conducting  medium  which  is  perfectly  neutral 
to  the  muscle,  and  amalgamated  zinc  in  solution  of  sulphate  of  zinc  does  not 
become  polarised. 

967.  Onrrents  of  masole  at  rest. — In  describing  these  experiments  the 
surface  of  the  muscle  is  called  the  natural  longitudinal  section ;  the  tendon, 
the  natural  trans^terse  section ;  and  the  surfaces  obtained  by  cutting  the 
muscle  longitudinally  or  transversely  are  respectively  the  artificial  longitu- 
dinal and  artificial  transverse  sections. 

If  a  living  irritable  muscle  be  removed  from  a  recently  killed  frog,  and 
the  clay  of  one  electrode  be  placed  in  contact  with  its  surface,  and  of  the 
other  with  its  tendon,  the  galvanometer  will  indicate  a  current  from  the 
former  to  the  latter ;  showing,  therefore,  that  the  surface  of  the  muscle  is 
positive  with  respect  to  the  tendon.  By  varying  the  position  of  the  elec- 
trodes, and  making  various  artificial  sections,  it  is  found — 

1.  That  any  longitudinal  section  is  positive  to  any  transverse  section, 

2.  That  any  point  of  a  longitudinal  section  nearer  the  middle  of  the 
muscle  is  positive  to  any  other  point  of  the  same  section  farther  from  the 
centre. 

3.  In  any  artificial  transverse  section  any  point  nearer  the  periphery  is 
positive  to  one  nearer  the  centre. 

4.  The  current  obtained  between  two  points  in  a  longitudvwaLV  ot  ycw  "a^. 
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Fig.  879. 


transverse  section  is  always  much  more  feeble  than  that  obtained  between 
two  different  sections. 

5.  No  current  is  obtained  if  two  points  of  the  same  section  equidistant 
from  its  centre  be  taken. 

6.  To  obtain  these  currents  it  is  not  necessary  to  employ  a  whole  muscle, 
or  a  considerable  part  of  one,  but  the  smallest  fragment  that  can  be  experi- 
mented with  is  sufficient. 

7.  If  a  muscle  be  cut  straight  across,  the  most  powerful  current  is  that 
from  the  centre  of  the  natural  longitudinal  section  to  the  centre  of  the  arti- 
ficial transverse  ;  but  if  the  muscle  be 
cut  across  obliquely,  as  in  fig.  879,  the 
most  positive  point  is  moved  from  c 
towards  b^  and  the  most  negative  from 

'"  d  towards  a  (*  currents  of  inclination  \ 
To  explain  the  existence  and  rela- 
tions of  these  muscular  currents,  it  may  be  supposed  that  each  muscle  is 
made  up  of  regularly  disposed  electromotor  elements,  which  may  be  ^^ 
garded  as  cylinders  whose  axes  are  parallel  to  that  of  the  muscle,  and 
whose  sides  are  charged  with  positive  and  their  ends  with  negative  electri- 
city ;  and,  further,  that  all  are  suspended  and  enveloped  in  a  conducting 
medium.  In  such  a  case  (fig.  880)  it  is  clear  that  throughout  most  of  the 
muscle  the  positive  electricities  of  the  opposed  surfaces  would  neutralise  one 
another,  as  would  also  the  negative  charges  of  the  ends  of  the  cylinders ;  so 
that,  so  long  as  the  muscle  was  intact,  only  the  charges  at  its  sides  and  ends 
would  be  left  to  manifest  themselves  by  the  production  of  electromotive 
phenomena  ;  the  whole  muscle  being  enveloped  in  a  conducting  stratum,  a 
current  would  constantly  be  passing  from  the  longitudinal  to  the  transverse 
section,  and,  a  part  of  this  being  led  off  by  the  wire  circuit,  would  manifest 
itself  in  the  galvanometer. 

This  theory  also  explains  the  currents  between  two  different  points  on 
the  same  section  ;  the  positive  charge  at  ^,  for  instance  (fig.  879),  would  have 

more  resistance  to  overcome  in 
getting  to  the  transverse  section 
than  that  at  d^  therefore  it  has 
a  higher  tension  ;  and  if  b  and 
d  are  connected  by  the  elec- 
trodes, b  will  be  found  positive 
to  d^  and  a  current  will  pass 
from  the  former  to  the  latter. 

What  are  called  currents  of 

inclination  are  also  explicable 

.  on    the   above    hypothesis,  for 

the  oblique  section  can  be  re- 
presented as  a  number  of  elements  arranged  as  in  fig.  881,  so  that  both  the 
longitudinal  surfaces  and  the  ends  of  the  cylinders  are  laid  bare,  and  it  can 
thus  be  regarded  as  a  sort  of  oblique  pile  whose  positive  pole  is  towards  b 
and  its  negative  at  a^  and  whose  current  adds  itself  algebraically  to  the 
ordinary  current  and  displaces  its  poles  as  above  mentioned. 

A  perfectly  fresh  muscle,  very  carefully  removed,  with  the  least  possible 
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contact  with  foreign  mailers,  sometimes  gives  almost  no  current  between  its 
different  natural  sections,  and  the  current  always  becomes  more  marked 
after  the  muscle  has  been  exposed  a  short  lime  ;  nevertheless,  the  pheno- 
mena are  vital,  for  the  currents  disappear  completely  with  the  life  of  the 
muscle,  sometimes  becoming  first  irregular  or  even  reversed  in  direction. 

96S.  mi>eoa«opla  no%,  oontrkotton  wfUioat  metala.— The  existence 
of  ihe  muscular  currents  can  be  manifested  without  a  galvanometer,  by  using 
another  muscle  as  a  galvanoscope. 
Thus,  if  the  nerve  of  one  living 
muscle  of  a  frog  be  dropped  sud- 
denly on  another  living  muscle,  so 
as  to  come  in  contact  with  its 
longitudinal  and  transverse  sec- 
lions,  a  contraction  of  the  first 
muscle  will  occur,  due  to  the  stimu- 
lation of  its  nerve  by  the  passage  through  it  of  the  electric  ci 
from  the  surface  of  the  second. 

969.  Onrrenta  In  actlTo  mnaolo. — When  a  muscle  is  made  to  contract 
there  occurs  a  sudden  diminution  of  its  natural  electric  current,  as  indicated 
by  the  galvanometer.  This  is  so  instantaneous  thai,  in  the  case  of  a  single 
muscular  contraction,  it  does  not  overcome  the  inertia  of  ihe  needle  of  the 
galvanometer  ;  but  if  the  coniraaions  be  made  to  succeed  one  another  very 
rapidly— ihat  is,  if  the  muscle  be  tttanised  (827)— then  the  needle  swings 
steadily  back  towards  zero  from  the  position  in  which  the  current  of  the 
resting  muscle  had  kept  it,  often  gaining  such  momentum  in  ihe  swing  as  to 
pass  beyond  the  zero  point,  but  soon  reverting  to  some  point  between  zero 
and  its  original  position. 

The  negative  variation  in  the  case  of  a  simple  muscular  contraction  can, 
however,  be  made  manifest  by  using  another  muscle  as  a  rheoscope  ;  if  ihe 
nerve  of  this  second  muscle  be  laid  over  the  first  muscle  in  such  a  position 
that  the  muscular  current  passes  through  it,  and  ihe  first  muscle  be  then  made 
to  contract,  the  sudden  alteration  in  the  strength  of  its  current  stimulates 
the  nerve  laid  on  it  {827),  and  so  causes  a  contraction  of  the  muscle  10  which 
Ihe  latter  belongs. 

The  same  phenomenon  can  be  demonstrated  in  the  muscles  of  warm- 
blooded animals  :  but  with  less  ease,  on  account  of  Ihe  difficulty  of  keeping 
them  alive  after  they  are  laid  bare  or  removed  from  the  body.  Experiments 
made  by  placing  electrodes  outside  the  skin,  or  passing  them  through  it,  are 
inexact  and  unsatisfactor)-. 

970.  Mteotrto  oarroDta  in  nerve.— The  same  electromotor  indications 
can  be  obtained  from  nen-es  as  from  muscles  ;  at  least,  as  far  as  their  smaller 
size  will  permit  ;  the  currents  are  more  feeble  than  the  muscular  ones,  but 
can  be  demonstrated  by  ihe  galvanometer  in  a  similar  way.     Negative  vari>    ■ 
ation  has  been  proved  10  occur  in  active  nerve  as  in  active  muscle.    The    I 
effect  of  a  constant  current  passed  through  one  part  of  a  nerve  on  the  amouni    ' 
of  the  normal  nerve -current,  measured  at  another  part,  has  already  been 
described  (Chap.  III.,  Electrotonus). 

971.  BlaatrlOAl  flab. —  Electrical  fish  arc  those  fish  which  have  the  re- 
markable property  of  giving,  when  touched,  shocks  like  those  of  the  Leyden 
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jar.  Of  these  fish  there  are  several  species,  the  best  known  of  which  are  the 
torpedo,  the  gymnotus,  and  the  silurus.  The  torpedo,  which  is  very  common 
in  the  Mediterranean,  has  been  carefully  studied  by  Becquerel  and  Breschet 
in  France,  and  by  Matteucci  in  Italy.  The  gymnotus  was  investigated  by 
Humboldt  and  Bonpland  in  South  America,  and  in  England  by  Faraday, 
who  had  the  opportunity  of  examining  live  specimens. 

The  shock  which  they  give  serves  both  as  a  means  of  offence  and  of 
defence.  It  is  purely  voluntary,  and  becomes  gradually  weaker  as  it  is 
repeated  and  as  these  animals  lose  their  vitality,  for  the  electrical  action 
soon  exhausts  them  materially.  According  to  Faraday,  the  shock  which  the 
gymnotus  gives  is  equal  to  that  of  a  battery  of  1 5  jars  exposing  a  coating  of 
25  square  feet,  which  explains  how  it  is  that  horses  frequently  give  way  under 
the  repeated  attacks  of  the  gymnotus. 

Numerous  experiments  show  that  these  shocks  are  due  to  ordinary 
electricity.  For  if,  touching  with  one  hand  the  back  of  the  animal,  the 
belly  is  touched  with  the  other,  or  with  a  metal  rod,  a  violent  shock  is  felt 
in  the  wrists  and  arms  ;  while  no  shock  is  felt  if  the  animal  is  touched  with 
an  insulating  body.  Further,  when  the  back  is  coimected  with  one  end  of  a 
galvanometer  wire  and  the  belly  with  the  other,  at  each  discharge  the  needle 
is  reflected  but  immediately  turns  to  zero,  which  shows  that  there  is  an 
instantaneous  current ;  and,  moreover,  the  direction  of  the  needle  shows  that 
the  current  goes  from  the  back  to  the  belly  of  the  fish.  Lastly,  if  the  current 
of  a  torpedo  be  passed  through  a  helix  in  the  centre  of  which  is  a  small  steel 
bar,  the  latter  is  magnetised  by  the  passage  of  a  discharge. 

By  means  of  the  galvanometer,  Matteucci  established  the  following 
facts  : — 

I.  When  a  torpedo  is  lively,  it  can  give  a  shock  in  any  part  of  its  body; 
but  as  its  vitality  diminishes,  the  parts  at  which  it  can  give  a  shock  are  nearer 
the  organ  which  is  the  seat  of  the  development  of  electricity.  2.  Any  point 
of  the  back  is  always  positive  as  compared  with  the  corresponding  f>oint  of 
the  belly.  3.  Of  any  two  points  at  different  distances  from  the  electrical 
organ,  the  nearest  always  plays  the  part  of  a  positive  pole,  and  the  furthest 
that  of  negative  pole.     With  the  belly  the  reverse  is  the  case. 

The  organ  where  the  electricity  is  produced  in  the  torpedo  is  double, and 
formed  of  two  parts  symmetrically  situated  on  two  sides  of  the  head,  and 
attached  to  the  skull-bone  by  the  internal  face.  Each  part  consists  of  nearly 
parallel  lamellae  of  connective  tissue  inclosing  small  chambers,  in  which  lie 
the  so-called  electrical  plates^  each  of  which  has  a  final  nerve-ramification 
distributed  on  one  of  its  faces.  This  face,  on  which  the  nerve  ends,  is  turned 
the  same  way  in  all  the  plates,  and  when  the  discharge  takes  place  is  always 
negative  to  the  other. 

Matteucci  investigated  the  influence  of  the  brain  on  the  discharge.  For 
this  purpose  he  laid  bare  the  brain  of  a  living  torpedo,  and  found  that  the  first 
three  lobes  could  be  irritated  without  the  discharge  being  produced,  and  that 
when  they  were  removed  the  animal  still  possessed  the  faculty  of  giving  a 
shock.  The  fourth  lobe,  on  the  contrary,  could  not  be  irritated  without  an 
immediate  production  of  the  discharge  ;  but  if  it  was  removed,  all  disengage- 
ment of  electricity  disappeared,  even  if  the  other  lobes  remained  untouched. 
Hence  it  would  appear  that  the  primary  source  of  the  electricity  elaborated 
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the  fourth  lobe,  whence  it  is  transmitted  by  means  of  the  nerves  to  the 
D  organs  described  above,  which  act  as  multipliers.  In  the  silurus  the 
id  appears  also  to  be  the  seat  of  the  electricity  ;  but  in  the  gymnotus  it  is 
nd  in  the  tail 

972.  Applloatlon  of  eleotricltsr  to  medicine. — The  first  applications  of 
rctricity  to  medicine  date  from  the  discovery  of  the  Leyden  jar.  Nollte 
d  Boze  appear  to  have  been  the  first  who  thought  of  the  application,  and 
>n  the  spark  and  the  electrical  frictions  became  a  universal  panacea,  but  it 
St  be  admitted  that  the  results  of  subsequent  trials  did  not  come  up  to  the 
pes  of  the  early  experimentalists. 

After  the  discovery  of  dynamic  electricity  Galvani  proposed  its  applica- 
n  to  medicine ;  since  which  time  many  physicists  and  physiologists  have 
sn  engaged  upon  this  subject,  and  yet  there  is  still  much  uncertainty  as  to 
t  real  effects  of  electricity,  the  cases  in  which  it  is  to  be  applied,  and  the 
St  mode  of  applying  it.  Practical  men  prefer  the  use  of  currents  to  that 
statical  electricity,  and,  except  in  a  few  cases,  discontinuous  to  con- 
uous  currents.  There  is,  finally,  a  choice  between  the  currents  of  the 
ttcry  and  induction  currents ;  further,  the  effects  of  the  latter  differ, 
rording  as  induction  currents  of  the  first  or  second  order  are  used.  In 
t,  since  induction  currents,  although  very  intense,  have  a  very  feeble 
emical  action,  it  follows  that  when  they  traverse  the  organs,  they  do  not 
»dace  the  chemical  effects  of  the  current  of  the  battery,  and  hence  do  not 
d  to  produce  the  same  disorganisation.  Further,  in  electrifying  the 
scles  of  the  face,  induction  currents  are  to  be  preferred,  for  these  currents 
ly  act  feebly  on  the  retina,  while  the  currents  of  the  battery  act  energetically 
this  organ,  and  may  affect  it  dangerously.  There  is  a  difference  in  the 
ion  of  induced  currents  of  different  orders ;  for  while  the  primary  induced 
rent  causes  lively  muscular  actions,  but  has  little  action  on  the  cutaneous 
isibility,  the  secondary  induced  current,  on  the  contrary,  increases  the 
aneous  sensibility  to  such  a  point  that  its  use  ought  to  be  proscribed  to 
sons  whose  skin  is  very  irritable. 

Hence  electrical  currents  should  not  be  applied  in  therapeutics  without  a 
trough  knowledge  of  their  various  properties.  They  ought  to  be  used 
h  great  prudence,  for  their  continued  action  may  produce  serious  accidents, 
tteucci  says,  *In  commencing,  a  feeble  current  must  always  be  used, 
is  precaution  now  seems  to  me  the  more  important,  as  I  did  not  think  it 
before  seeing  a  paralytic  person  seized  with  almost  tetanic  convulsions 
ler  the  action  of  a  current  formed  of  a  single  element.  Take  care  not  to 
itinue  the  application  too  long,  especially  if  the  current  is  energetic 
ther  apply  a  frequently  interrupted  current  than  a  continuous  one,  espe- 
lly  if  it  be  strong ;  but  after  twenty  or  thirty  shocks,  at  most,  let  the 
lent  take  a  few  moments'  rest.' 

Of  late  years,  however,  feeble  continuous  currents  have  come  more  into 
',  They  are  frequently  of  great  service  when  applied  skilfully,  so  as  to 
ow  the  nerves  of  the  diseased  part  into  a  state  of  cathelectrotonus  or 
ilectrotonus  (827),  according  to  the  object  which  is  wished  for  in  any 
sn  case. 


920  Meteorology,  [978- 


ELEMENTARY  OUTLINES 

OF 

METEOROLOGY  AND  CLIMATOLOGY. 


METEOROLOGY. 


973.  Meteorologry. — The  phenomena  which  are  produced  in  the  atmo- 
sphere are  called  meteors  ;  and  meteorology  is  that  part  of  physics  which  is 
concerned  with  the  study  of  these  phenomena. 

A  distinction  is  made  between  aerial  meteors,  such  as  winds,  and  hurri- 
canes, and  whirlwinds  ;  aqueous  meteors,  comprising  fogs,  clouds,  rain,  dew, 
snow,  and  hail  ;  and  luminous  meteors,  as  lightning,  the  rainbow,  the  aurora 
borealis. 

974.  Meteorograpli. — The  importance  of  being  able  to  make  continuous 
observations  of  various  meteorological  phenomena  has  led  to  the  construc- 
tion of  various  forms  of  automatic  arrangements  for  this  purpose,  of  which 
that  of  Osier  in  England  may  be  specially  mentioned.  One  of  the  most  com- 
prehensive and  complete  is  Secchi's  meteorograph^  of  which  we  will  give  here 
a  description. 

It  consists  of  a  case  of  masonry  about  2  feet  high  (fig.  882) ;  on  this  are 
fixed  four  columns,  about  2J  yards  high,  which  support  a  table  on  which  is 
a  clockwork  regulating  the  whole  of  the  movements  of  the  machine.  The 
phenomena  are  registered  on  two  sheets  which  move  downwards  on  two 
opposite  sides,  their  motion  being  regulated  by  clockwork.  One  of  them 
occupies  10  days  in  so  doing,  and  on  it  are  registered  the  direction  and 
velocity  of  the  wind,  the  temperature  of  the  air,  the  height  of  the  barometer, 
and  the  occurrence  of  rain  ;  on  the  second,  which  only  takes  two  days,  the 
barometric  height  and  the  occurrence  of  rain  are  repeated,  but  on  a  much 
larger  scale  ;  this  gives,  moreover,  the  moisture  of  the  air. 

Direction  of  the  wind. — The  four  principal  directions  of  the  wind  are 
registered  by  means  of  four  pencils  fixed  at  the  top  of  thin  brass  rods,  a^h^c^ 
d  (fig.  882),  which  are  provided  at  the  bottom  ends  with  soft  iron  keepers 
attracted  by  two  electro-magnets,  E  E',  for  west  and  north,  and  by  two  other 
electro-magnets  lower  down  for  south  and  east.  These  four  electro-magnets, 
as  well  as  all  the  others  on  the  apparatus,  are  worked  by  a  single  sand 
battery  (886)  of  twenty-four  elements.  The  passage  of  the  current  in  one  or 
the  other  of  these  e\eelTO-rc\^^^t.s  Is  regulated  by  means  of  a  vane  (fig.  ^"^ 


which  greater  steadiness  is  obtained  than  with  a  single  plaie.     In  the  rod  of 
the  vane  is  a  small  brass  plate  o  \  this  part  ia  in  the  centre  of  fout  VRWtJ. 
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sectors  insulated  from  each  other,  and  each  provided  with  a  binding  screw, 
by  which  connection  is  established  with  the  binding  screw  K,  and  the  electro- 
magnets E  E'.     The  battery  current  reaches  the  rcxi  of  the  vane  by  the  wire 
a,  and   thence  the  sliding  contact  o,  which 
leads  it  to  the  electro- magnet  for  the  north, 
for  instance. 

If  the  current  passed  constantly  in  this 
electro-magnet,  ihe  pencil  on  the  rod  (/would 
be  stationary  ;  hut  from  the  electro-magnet 
E'  the  current  passes  into  a  second  electro- 
magnet n,  over  the  clockwork,  and  is  thereby 
alternately  opened  and  closed,  as  will  be 
seen  in  speaking  of  the  velocity  of  the  wind. 
Hence  the  armature  of  the  rod  d,  alternately 
free  and  attracted,  oscillates  ;  and  its  pencil, 
which  is  always  pressed  against  the  paper 
AD  by  the  elasticity  of  the  rod,  traces  on  it 
a  series  of  parallel  dashes  as  the  piaper 
descends,  and  so  long  as  the  wind  is  in  the 
north.  If  the  wind  changes  then  to  west,  for 
instance,  the  rod  a  oscillates,  and  its  pencil 
^-  ^  *-  traces  a  different  series  of  marks.     The  rale 

of  displacement  of  the  paper  being  known, 
*■    *"  we  get  the  direction  of  the  prevalent  wind  al 

a  given  moment. 
Velocity  of  file  laind. — This  is  indicated  by  a  Robinson's  anemomittr, 
)  ways  :  by  two  counters  which  mark  in  decametres 
tnd  kilometres  the  distance  travelled  by  the 
wind  ;  and  by  a  pencil  which  traces  on  a 
table  a  curve,  the  ordinates  of  which  are 
roportional  to  the  velocity  of  the  wind. 
Robinson,  who   originally  devised  this 
form  of  anemometer  (fig.  884),  proved  that 
its  velocity  is  proportional   to  that  of  ibe 
wind  ;  in  the  present  apparatus  the  length 
of  the  arms  is  so  calculated  that  each  re>i>- 
lutioncorrespondstoa  velocity  of  ten  metreJ 
(975).     The  anemometer  is  placed  at  a  con- 
siderable distance  from  the  meteorograph, 
and  is  connected  with  it  by  a  copperwirei/, 
which  passes  10  the  electro-magnet  «  of  ih* 
On  its  rod  there  is,  moreover,  an 
which  at  each  turn  touches  a  me- 
tallic contact  in  connection  with  the  wire  d. 
The  battery  current  reaches  the  anemome- 
ter by  a  wire  a,  the  current  is  closed  once 
J...    gg  at  each  rotation,  and  passes  to  the  elecim- 

'  magnet  »,  which  moves  the  needle  of  ih* 

dial  through  one  divmcrn.    There  are  fifty  such  divisions  which  represen' 
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as  many  turns  of  the  vane,  and  iherefore'so 
The  lower  dial  marks  the  kilometres. 

The  curve  of  velocities  is  traced  on  the  sheet  by  a  pencil  i,  fixed  to  a 
horizontal  rod.  This  is  joined  at  its  two  ends  to  two  guide  rods,  o  and^, 
which  keep  it  parallel.  The  pencil  and  the  rod  are  moved  laterally  by  s  | 
chain  which  passes  over  two  pulleys  r"  and  r,  and  is  then  coiled  over  a  pulley  I 
placed  on  the  shaft  of  the  counter,  but  connected  with  it  merely  by  a  ratchet  ' 
wheel :  and  moved  thus  by  the  counter  and  the  chain,  the  pencil  traces 
every  hour  on  'the  sheet  a  line  the  length  of  which  is  proportioned  to  the 
velocity  of  the  wind.  From  hour  to  hour  an  esccntric  moved  by  clockwork 
detaches,  from  the  shaft  of  the  counter,  the  pulley  on  which  is  coiled  the 
chain,  and  this  pulley  becoming  out  of  gear  a  weight/,  connected  with  the 
pencil  I,  restores  this  to  its  starting-point.  All  the  lines  V,  traced  succes- 
sively by  the  pencil,  start  from  the  same  straight  line  as  ordinates,  and  their 
ends  give  the  curve  of  velocities. 

The  counters  on  the  right  and  left  are  worked  by  electro -magnets  m  m', 
and  are  intended  to  denote  the  velocity  of  special  winds  :  for  instance,  those    i 
of  the  north  and  south,  by  connecting  their  electro- magnets  with  the  north   | 
and  south  sectors  of  the  vane  (fig.  883). 

Temperature  of  the  air. — This  is  indicated  by  the  expansion  and  con- 
traction of  a  copper  wire  16  metres  in  length  stretched  backwards  and  for- 
wards on  a  fir  post  8  metres  in  length.  The  whole  being  placed  on  the 
outside,  on  the  roof,  for  instance,  the  expansion  and  contraction  are  trans- 
mitted by  a  system  of  levers  to  a  wire  o,  which  passes  to  the  meteorograph, 
where  it  is  joined  to  a  bent  lever  /.  This  is  jointed  to  a  horizontal  rod  s, 
which  supports  a  pencil,  and  at  the  other  end  is  jointed  10  a  guide  rod  x, 
Tlius  the  pencil,  sharing  ihe  oscillations  of  the  whole  system,  traces  the  curve  1 
of  the  temperatures.  | 

Pressure  of  the  atmosphere. — This  is  registered  by  the  oscillations  of  s  I 
barometer  B  suspended  at  one  end  of  a  bent  scale-beam  I  F,  playing  on  a 
knife  edge  (fig.  B8z).  The  arm  F  supports  a  counterpoise  ;  to  the  arm  I  is 
suspended  the  barometer  1),  which  is  wider  at  the  top  than  at  the  bottom. 
A  wooden  flange  or  floater  Q,  fixed  to  the  lower  part  of  the  tube,  plunges  in 
a  bath  of  mercury,  so  that  the  buoyancy  of  the  liquid  counterbalances  part  of 
the  weight  of  the  barometer.  Owing  to  the  large  diameter  of  the  barometric 
chamber,  a  very  slight  variation  of  level  in  this  chamber  makes  the  tub« 
oscillate,  and  with  it  the  scale-beam  I  F.  To  the  axis  of  this  is  a  triangle 
gh  k,  jointed  to  a  horizontal  rod,  which  in  turn  is  connected  with  a  guide  rod 
t.  In  the  middle  of  this  rod  is  a  pencil  which,  sharing  in  Ihe  oscillations  of 
the  triangle^  A  it,  traces  the  curve  H  of  pressure.  A  bent  lever  at  the  bottom 
of  the  barometer  tube  keeps  this  in  a  vertical  position. 

Rainfall. — This  is  registered  between  the  direction  of  the  winds  and  the    1 
curve  H,  by  a  pencil   at  the  end  of  a  rod  u,  which  is  worked  by  an  electro-  1 
magnet  e.     On  the  roof  is  a  funnel  which  collects  the  rain,  and  a  long  lube  I 
leads  ihe  water  to  a  small  water  balance,  with  the  cups  placed  near  the  ' 
meteorograph  (fig.  885).    To  the  axis  of  the  scale-beam  one  pole  of  the  battery 
is  connected  ;  the  left  cup  being  full,  tips  up,  and  a  contact  a  closes  the 
current,  which  passes  then  to  one  of  the  binding  screws  C,  and  hence  to  the 
electro -magnet  e.    Then  the  right  cup,  being  in  turn  full,  tips  in  the  opposite 


924  Meteorology.  [K4 

direction,  and  the  contact  b  now  transmits  the  cuTTcnt  to  the  ekctro-nu^et. 
Thus,  at  each  oscillation  this  latter  attracts  its  armature,  and  with  it  the 
rod  a,  which  makes  a  mark  by  means  of  a  pencil  at  the  end.  If  the  niin  is 
abundant  the  oscillations  of  the  beam  are  rapid,  and  the  marks  being  very 
close  tt^ether  give  a  deep  shade  ;  if,  on  the  contrary,  the  oscillations  are 
slow,  the  marks  are  at  a  greater  distance  and  give  a  light  shade.  When 
the  rain  ceases  the  oscillations  cease  also,  and  the 
pencil  makes  no  mark. 

To  complete  this  description  of  the  first  face  of 
the  meteorograph  ;  S  is  the  alanun  bell  of  the  clock- 
work, O  O  a  cord  supporting  a  weight  which  moves 
the  works  of  the  hour  hand.  LZ  is  a  second  cord  that 
supports  the  weight  which  works  the  alarum  ;  the 
wheel  U,  placed  below  the  clockwork,  winds  up  the 
sheet  A  D  when  it  is  at  the  bottom  of  its  course. 

The  second  sheet  {fig.  886)  gives  the  barometric 
height  and  the  rainfall  like  the  first,  but  on  a  largtr 
scale,  since  the  motion  of  the  sheet  is  five  times  as 
rapid.  Its  principal  function  is  that  of  registering  the 
moisture  of  the  air.  This  is  effected  by  means  of  the 
Psyckronteter  {fig.  887).  T  and  T'  are  two  thermo- 
meters fixed  on  two  plates.  The  muslin  which  covers 
jntinually  moist  by  water  dropping  on  it.  In  each  of 
o  platinum  wires ;  the  stems  of  the  thermometers  are 
n  them  are  two  platinum  wires  m  and  n,  suspended 
.able  on  four  pulleys  supported  by  a  fixed  piece  B, 
1  contact  with  the  current  of  the  ballery  is  suspended 
,   which    passes    over   a   pulley   lo    the    meteorograph 


the  second  is  kept  c 
the  bulbs  are  fused  tv 
open  at  the  top,  and  i 
to  a  metal  frame  moi 
The   frame 
to  a  steel   ' 


Hence  is  a  long  triangular  lever  W,  which  supports  a  small  w 
to  which  is  fixed  the  wire  L.  The  lever  W,  which  turns  about  an  axis/  is 
moved  by  a  rod  a,  by  means  of  an  excentric  which  the  clock  works  every 
quarter  of  an  hour.  At  each  oscillation  the  lever  W  transmits  its  movemeol 
to  a  small  chariot,  on  which  is  an  electro -magnet  x,  and  at  the  same  time  to 
the  steel  wire  L,  which  supports  the  frame  A  (fig.  887).  The  chariot  moved 
towards  the  left  by  the  rotation  of  ihe  excentric,  lets  the  frame  sink.  The 
moment  the  first  platinum  wire  reaches  the  mercurial  column  of  the  dry 
bulb  thermometer  which  is  the  highest,  the  current  is  closed,  and  passes  into 
the  electromagnet  of  the  chariot.  An  armature  at  once  causes  a  pencil  to 
mark  a  point  on  Ihe  sheet  which  is  the  beginning  of  a  Une  representing  the 
path  of  the  Ary  bulb  thermometer.  As  the  frame  continues  to  descend,  the 
second  platinum  wire  touches  the  mercury  of  the  wel  bulb,  and  closes  a 
current  in  a  relay  M,  which  opens  the  circuit  of  the  electromagnet  x.  The 
pencil  is  then  detached  ;  then  reluming  upon  itself  the  chariot  reproduces 
the  closing  and  opening  of  the  circuit  in  Ihe  opposite  direction,  the  pencil 
makes  another  mark,  which  is  the  end  of  the  line.  There  are  thus  formed 
two  series  of  dots  arranged  in  two  curves,  one  of  which  represents  the  path  of 
the  dry,  and  the  other  the  path  of  the  wet  bulb.  The  horizontal  distance  ofthe 
two  points  of  these  curves  is  proportional  to  the  diflference  /— /,  of  the  tem- 
peratures indicated  at  the  same  moment  by  the  thermometers  (fig.  8IJ7). 
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Quantity  of  Rain. 


Quantity  of  rain. — The  quantity  of  rain  which  falls  in  a  ^ven  time 
registered  on  a  disc  of  paper  on  a  pulley  R.  On  the  groove  of  this  is 
a  chain  to  which  is  suspended  a  brass  tube  P.    This  is  tixed  at  the 


ittom  to  a  floai  which  plunges  in  a  reservoir  placed  in  the  base  of  the 
cteorograph.     On  passing  out  of  the  water  bdance  (fig.  887^  tht  -iiMsx 
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passes  into  this  reservoir,  and  as  its  section  is  one-fourth  that  of  the  ftmnel, 
the  height  of  water  which  falls  is  quadrupled;  it  is  measured  on  a  scale  G, 
divided  into  millimetres. 

As  the  float  rises,  a  weight  Z  moves  the  pulley  in  the  contrary  directim, 
and  its  rotation  is  proportional  to  the  height  of 
water  which  has  fallen.  A  pencil  moves  at  the 
same  time  from  the  centre  to  one  circumference  of 
the  paper  disc  with  a  velocity  of  5  mm.  in  34 
hours  :  hence  the  quantity  of  run  which  falls  every 
day  is  noted  on  a  different  place  on  the  paper 

975.  VireeMva  bbA  vaiooitr  or  wl«dsr- 
Windi  asK  currents  moving  in  the  atmosphere  witb 
variable  directions  and  velocities.  There  are  u^ 
principal  directions  in  which  they  blow — norA, 
north-east,  east,  souik-east,  saulk,  soutk--aiest,  v^ 
and  north-west.  Mariners  further  divide  ^d>rf 
the  distances  between  these  eight  directions  into 
four  others,  malung  in  all  33  directions,  which  an 
called /w'w/j  or  rhumbs.  A  figure  of  32  rhumbs 
on  a  circle,  in  the  form  of  a  star,  is  known  as  the 
marirtet's  card. 

Velocity  is  determined  by  means  of  the 
anemometer  (fig.  884),  a  small  vane  with  bos, 
which  the  wind  lums  ;  the  velocity  is  deduced  fnn 
the  number  of  turns  made  in  a  given  time.  In  our 
climate  the  mean  velocity  is  from  18  to  20  feet  in  a 
second.  Witb  a  velocity  of  less  than  18  inches  ia 
■-'■—         ^^    '"^•■'  a  second  no  movement  is  perceptible,  and  smoke 

'*'     ''  ascends  straight;  with  a  velocity  between   1^  and 

2  feet  per  second  the  wind  is  perceptible  and  moves  a  pennant ;  from  13  10 
22  feet  it  is  moderate,  it  stretches  a  flag  and  moves  the  leaves  of  trees; 
with  from  23  to  36  feet  velocity  it  is  fresh  and  moves  the  branches  irf 
trees;  with  36  to  56  feet  it  is  strong  and  moves  the  larger  branches  and 
the  smaller  stems  :  with  a  velocity  of  56  to  90  feet  it  is  a  storm,  and  cntiiC 
trees  are  moved,  and  from  90  to  [30  it  is  a  hurricane. 

To  measure  the  pressure  of  the  wind  a  plate  is  used,  which  by  means  of  1 
vane  is  always  kept  in  a  direction  opfiosite  that  of  the  wind.  Behind  the 
plate  are  one  or  more  springs  which  are  the  more  pressed  the  greater  is  the 
pressure  of  the  wind  against  the  plate.  Knowing  the  distance  through  whidi 
the  plaie  is  pressed,  we  can  calculate  the  pressure  which  the  wind  exertsoa 
the  plate  in  question. 

With  some  degree  of  approximation,  and  for  low  velocities,  the  pressaie 
may  be  taken  as  proportional  to  the  square  of  the  velocity.  Thus,  if  ibe 
pressure  on  the  square  foot  is  0-005  pound  with  a  velocity  of  1-5  feet  in 
a  second,  it  is  0-02  pound  with  a  velocity  of  3  feet,  and  01 23  with  a  velocity 
of  7 '33  feet. 

976.  Cftnaea  or  winds. — Winds  are  produced  by  a  disturbance  of  the 
equilibrium  in  some  patt  oC  the  atmosphere  ;  a  disturbance  always  resulti^ 
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from  a  difference  in  lemperaiure  between  adjacent  countries.  Thus,  if  the 
temperature  of  a  certain  extent  of  ground  becomes  higher,  the  air  in  contact 
with  it  becomes  heated,  il  expands  and  rises  towards  the  higher  regions  of 
ihe  atmosphere  ;  whence  it  flows,  producing  winds  which  blow  from  hot  to 
cold  countries.  But  at  the  saine  time  the  equilibrium  is  destroyed  at  the 
surface  of  the  earth,  for  the  barometric  pressure  on  the  colder  adjacent  parts 
is  greater  than  on  that  which  has  been  heated,  and  hence  a  current  will  be 
produced  with  a  velocity  dependent  on  the  differKnce  between  these  pres- 
sures ;  thus  two  distinct  winds  will  be  produced — an  upper  one  setting  out- 
lOards  from  the  heated  region,  and  a  lower  one  setting  inivards  towards  it. 

977.  fternlar.  periodical,  and  T«rlable  winds. — According  to  the  more 
or  less  constant  directions  in  which  winds  blow,  ihey  may  be  classed  as 
regular,  periodical,  and  variable  winds. 

i.  Regular  -winds  are  those  which  blow  all  the  year  through  in  a  virtually 
constant  direction.  These  winds,  which  are  also  known  as  the  trade  ivindt, 
are  uninterruptedly  obser\'ed  far  from  the  land  in  equatorial  regions,  blowing 
from  the  norih-easi  to  the  souih-west  in  Ihe  northern  hemisphere,  and  from 
the  south-east  to  the  north-west  in  the  southern  hemisphere.  They  prevail 
on  the  two  sides  of  the  equator  as  far  as  30'  of  latitude,  and  they  blow  ' 
the  same  direction  as  the  apparent  motion  of  the  sun — that  is,  from  east 

The  air  above  the  equator  being  gradually  healed,  rises  as  the  sun  passes 
round  from  east  to  west,  and  its  place  is  supplied  by  the  colder  air  from  thi 
north  or  south.  The  direction  of  the  wind,  however,  is  modified  by  this  fact, 
that  the  velocity  which  this  colder  air  has  derived  from  the  rotation  of  the 
earth — namely,  the  velocity  of  the  surface  of  the  earth  at  the  point  from 
which  it  started — is  less  than  the  velocity  of  the  surface  of  the  earth  at  the 
point  at  which  it  has  now  arrived  ;  hence  the  currents  acquire,  in  reference 
to  the  equator,  the  constant  direction  which  constitutes  the  trade  winds. 

ii.  Periodical  ■windi  are  those  which  blow  regularly  in  the  same  direction 
at  the  same  seasons  and  at  the  same  hours  of  the  day  :  the  monsoon, 
1,  and  the  land  and  sea  breeze  are  examples  of  this  class.  The  name 
s  given  to  winds  which  blow  for  six  months  in  one  direction  and 
for  six  months  in  another.  They  are  principally  obser\'ed  in  the  Red  Sea 
and  in  the  Arabian  Gulf,  in  the  Bay  of  Bengal  and  in  the  Chinese  Sea. 
These  winds  blow  towards  the  continents  in  summer,  and  in  a  contrary 
direction  in  winter.  The  simoom  is  a  hot  wind  that  blows  over  the  deserts 
of  Asia  and  Africa,  and  which  is  characterised  by  its  high  temperature  and 
by  the  sands  which  it  raises  in  the  atmosphere  and  carries  with  it.  During 
the  prevalence  of  this  wind  the  air  is  darkened,  the  skin  feels  dry,  th« 
respiration  is  accelerated,  and  a  burning  thirst  is  experienced. 

This  wind  is  known  under  the  nume  oi  sirocco  in  Italy  and  Algiers,  where 
it  blows  from  the  great  Desert  of  Sahara.  In  Egypt,  where  it  prevails  from 
the  end  of  April  to  June,  it  is  called  bamsin.  The  natives  of  Africa,  in  order 
to  protect  themselves  from  the  effects  of  the  too  rapid  perspiration  occasioned 
by  this  wind,  cover  themselves  with  fatty  substances. 

The  liiitd  and  sen  ireese  is  a  wind  which  blows  on  the  sea-coast,  during 
the  day  from  the  sea  towards  the  land,  and  during  the  Qight  from  the  land  to 
tbe  sea.    For  during  the  day  the  land  becomes  more  heated  than  the  sea^' 
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consequence  of  its  lower  specific  heat  and  greater  conductivity,  and  hence  as 
the  superincumbent  air  becomes  more  heated  than  that  upon  the  sea,  it  as- 
cends and  is  replaced  by  a  current  of  colder  and  denser  air  flowing  from  the 
sea  towards  the  land.  During  the  night  the  land  cools  more  rapidly  than  the 
sea,  and  hence  the  same  phenomenon  is  produced  but  in  a  contrary  direction. 
The  sea  breeze  commences  after  sunrise,  increases  to  three  o'clock  in  the 
afternoon,  decreases  towards  evening,  and  is  changed  into  a  land  breeze 
after  sunset.  These  winds  are  only  perceived  at  a  slight  distance  from  the 
shores.  They  are  regular  in  the  tropics,  but  less  so  in  our  climates ;  and 
traces  of  them  are  seen  as  far  as  the  coasts  of  Greenland.  The  proximity  of 
moimtains  also  gives  rise  to  periodical  daily  breezes. 

iii.  Variable  winds  are  those  which  blow  sometimes  in  one  direction  and 
sometimes  in  another,  alternately,  without  being  subject  to  any  law.  In  mean 
latitudes  the  direction  of  the  winds  is  very  variable  ;  towards  the  poles  this 
irregularity  increases,  and  under  the  arctic  zone  the  winds  frequently  blow 
from  several  points  of  the  horizon  at  once.  On  the  other  hand,  in  approach- 
ing the  torrid  zone,  they  become  more  regular.  The  south-west  wind  prevaik 
in  the  north  of  France,  in  England,  and  in  Germany ;  in  the  south  of  France 
the  direction  inclines  towards  the  north,  and  in  Spain  and  Italy  the  north 
wind  predominates. 

978.  Xiaw  of  tlie  rotation  of  winds. — Spite  of  the  great  irregularity 
which  characterises  the  direction  of  the  winds  in  our  latitude,  it  has  been  as- 
certained that  the  wind  has  a  preponderating  tendency  to  veer  round  accord- 
ing to  the  sun's  motion — that  is,  to  pass  from  north,  through  north-east,  east- 
south-east  to  south,  and  so  on  round  in  the  same  direction  from  west  to 
north  ;  that  it  often  makes  a  complete  circuit  in  that  direction,  or  more 
than  one  in  succession,  occupying  many  days  in  doing  so,  but  that  it  rarely 
veers,  and  very  rarely  or  never  makes  a  complete  circuit  in  the  opposite 
direction.  This  course  of  the  winds  is  most  regularly  observed  in  winter. 
According  to  Leverrier,  the  displacement  of  the  north-east  by  the  south- 
west wind  arises  from  the  occurrence  of  a  whirlwind  formed  upon  the  Gulf- 
stream.     For  a  station  in  south  latitude  a  contrary  law  of  rotation  prevails. 

This  law,  though  more  or  less  suspected  for  a  long  time,  was  first  formally 
enunciated  and  explained  by  Dove,  and  is  known  as  Dove's  law  of  rotation 
fo  winds. 

i)7().  "Weatlier  cliarts. — A  considerable  advance  has  been  made  in 
weather  forecasts  by  the  frequent  and  systematic  publication  of  weather 
charts  ;  that  is  to  say,  maps  in  which  the  barometric  pressure,  the  tempe- 
rature, the  force  of  the  wind,  &c.,  are  expressed  for  considerable  areas,  in  an 
exact  and  comprehensive  manner.  A  careful  study  of  such  maps  renders 
possible  a  forecast  of  the  weather  for  a  day  or  more  in  advance.  We  can 
here  do  little  more  than  explain  the  meaning  of  the  principal  terms  in  use. 

If  lines  are  drawn  through  those  places  on  the  earth's  surface  where  the 
corrected  barometric  height  at  a  given  time  is  the  same,  such  Hnes  arc 
called  isobarometric  lines,  or  more  briefly,  isobaric  lines,  or  isobars.  Between 
any  two  points  on  the  same  isobar  there  is  no  difference  of  pressure. 
Isobars  are  usually  drawn  for  a  difference  of  5  mm.,  or  of  /j  of  an  inch. 

If  we  take  a  horizontal  line  between  two  isobars,  and  at  that  point  at 
which  the  pressure  is  greatest  draw  a  perpendicular  line  on  any  suitable 
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tcale,  which  shall  represent  the  difference  in  pressure  between  the  two  places, 
hit  line  drawn  from  the  top  of  this  perpendicular  to  the  lower  isobar  will 
brm  an  angle  with  the  horizontal,  and  the  steepness  of  this  angle  is  a 
neasore  of  the  fall  in  pressure  between  the  two  stations,  and  is  called  the 
\(»rometric  gradient.  Gradients  are  usually  expressed  in  England  and 
\merica  in  hundredths  of  an  inch  of  mercury  for  one  degree  of  sixty  nautical 
niles,  and  on  the  Continent  in  millimetres  for  the  same  distance.  The 
doser  are  the  isobars,  the  steeper  is  the  gradient,  and  the  more  powerful 
Jie  wind  ;  and  though  no  exact  numerical  relationship  can  be  proved  to  exist 
between  the  steepness  of  the  gradient  and  the  force  of  the  wind,  it  may  be 
nentioned  that  a  gradient  of  about  6  represents  a  strong  breeze ;  and  a 
gradient  of  10,  or  a  difference  in  pressure  of  ^  of  an  inch  for  60  miles, 
8  a  stiff  gale. 

The  direction  of  the  wind  is  from  the  place  of  higher  pressure  to  that  of 
ower,  and  in  this  respect  the  law  of  Buys  Ballot  may  be  mentioned,  which 
las  been  found  to  hold  in  all  cases  in  the  Northern  Hemisphere  where  local 
xmfiguration  does  not  come  into  play.  If  we  stand  with  our  back  to  the 
vimij  the  line  of  lower  pressure  is  on  the  left  hand.  For  places  in  the 
Soathem  Hemisphere  exactly  the  opposite  law  holds. 

If  within  any  area  the  pressure  is  lower,  the  wind  blows  round  that  area, 
he  place  of  lowest  pressure  being  on  the  left.  The  direction  of  the  wind  is, 
n  short,  opposite  that  of  the  hands  of  a  watch.  Such  a  circulation  is  called 
yckmic'y  it  is  that  which  is  characteristic  of  the  West  Indian  hurricanes,  which 
ire  known  as  cyclones.  Conversely  the  wind  blows  round  an  area  of  higher 
iressure  in  the  same  direction  as  the  hands  of  a  watch  ;  and  this  circulation 
s  called  anti-cyclonic. 

Cyclonic  systems  are  by  far  the  most  frequent,  and  are  characterised  by 
ileep  gradients  ;  the  air  in  them  tends  to  move  in  towards  the  centre,  and 
hence  to  the  upper  regions  of  the  atmosphere.  They  bring  with  them,  over 
he  greater  part  of  the  region  which  they  cover,  much  moisture,  an  abundance 
if  cloud,  and  heavy  rain.  Anti-cyclonic  systems  have  the  opposite  charac- 
eristics ;  the  gradients  are  slight,  the  wind  light,  and  moving  with  the  hands 
if  a  watch.  The  air  is  dry,  so  that  there  is  but  little  cloud,  and  no  rain. 
Cyclonic  systems,  from  the  dampness  of  the  air,  produce  warm  weather  in 
rinter,  and  cold,  wet  weather  in  summer.  Anti-cyclonic  systems  bring 
mr  hardest  frosts  in  winter,  and  greatest  heat  in  summer,  as  there  is  but 
ittle  moisture  in  the  air  to  temper  the  extremes  of  climate.  Both  systems 
ravel  over  the  earth's  surface,  the  cyclones  rapidly,  but  the  anti-cyclones 
tiorc  slowly. 

980.  To%m  and  mists. — When  aqueous  vapour  rising  from  a  vessel  of 
K>iling  water  diffuses  in  the  colder  air,  it  is  condensed  ;  a  sort  of  cloud 
s  formed  which  consists  of  a  number  of  small  hollow  vesicles  of  water, 
rhich  remain  suspended  in  the  air.  These  are  usually  spoken  of  as  vapour, 
et  they  are  not  so,  at  any  rate  not  in  the  physical  sense  of  the  word  ;  for  in 
eality  they  are  partially  condensed  vapour. 

When  this  condensation  of  aqueous  vapour  is  not  occasioned  by  contact 
rith  cold  solid  bodies,  but  takes  place  throughout  large  spaces  of  the  atmo- 
phere,  it  constitutes  fo^s  or  mists^  which,  in  fact,  are  nothing  more  than 
he  appearance  seen  over  a  vessel  of  hot  water. 
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A  chief  cause  of  fogs  consists  in  the  moist  soil  being  at  a  higher  tem- 
perature than  the  air.  The  vapours  which  then  ascend  condense  and  become 
visible.  In  all  cases,  however,  the  air  must  have  reached  its  point  of  satma- 
tion  before  condensation  takes  place.  Fogs  may  also  be  produced  when  a 
current  of  hot  and  moist  air  passes  over  a  river  at  a  lower  temperature  than 
its  own,  for  then  the  air  being  cooled,  as  soon  as  it  is  saturated,  the  excess  of 
vapour  present  is  condensed.  The  distinction  between  mists  and  fogs  is 
one  of  degree  rather  than  of  kind.    A  fog  is  a  very  thick  mist. 

When  water  is  coated  with  a  layer  of  coal  tar,  it  is  prevented  from  eva- 
porating. Frankland  ascribes  the  dry  fog  met  with  in  London  to  the  laigc 
quantities  of  coal  tar  and  paraffine  vapour  which  are  sent  into  the  atmosphere, 
and  which,  condensing  on  the  vesicles  of  fog,  prevent  their  evaporation. 

Aitkin  has  shown  that  aqueous  vapour  never  condenses  unless  some 
liquid  or  solid  is  present  on  which  it  is  deposited.  Particles  of  dust  in  the 
air  are  the  nuclei  for  clouds  and  fogs.  This  he  showed  by  passing  steam 
into  filtered  air ;  it  remained  quite  clear,  while  a  turbidity  was  prodaced 
under  the  same  circumstances  in  imfiltered  air.  The  density  of  the  doud 
was  found  to  depend  on  the  number  of  particles  of  dust  in  the  air.  The 
most  abundant  source  of  dust  is  combustion,  and  particularly  that  of  sulphur 
in  the  coal. 

981.  Clouds. — Clouds  are  masses  of  vapour,  condensed  into  little  drops 
or  vesicles  of  extreme  minuteness,  like  fogs.  There  is  no  difference  of  kind 
between  fogs  and  clouds.  Fogs  are  clouds  resting  on  the  ground.  To  a 
person  enveloped  in  it,  a  cloud  on  a  mountain  appears  like  a  fog.  They 
always  result  from  the  condensation  of  vapour  which  rises  from  the  earth. 
According  to  their  appearance,  they  have  been  divided  by  Howard  into  four 
principal  kinds  :  the  nimbus,  the  stratus^  the  cumulus,  and  the  cirrus.  These 
four  kinds  are  represented  in  fig.  888,  and  are  designated  respectively  by  one, 
two,  three,  and  four  birds  on  the  wing. 

The  r/rrx/j  consists  of  small  whitish  clouds,  which  have  a  fibrous  or  wispy 
appearance,  and  occupy  the  highest  regions  of  the  atmosphere.  The  name 
of  mare^  lails,  by  which  they  are  generally  known,  well  describes  their 
appearance.  From  the  low  temperature  of  the  spaces  which  they  occupy, 
it  is  more  than  probable  that  cirrus  clouds  consist  of  frozen  particles  ;  and 
hence  it  is  that  halos,  corona?,  and  other  optical  appearances,  produced  by 
refraction  and  reflection  from  ice  crystals,  appear  almost  always  in  these 
clouds  and  their  derivatives.  Their  appearance  often  precedes  a  change  of 
weather. 

The  cumulus  are  rounded  spherical  forms  which  look  like  mountains 
piled  one  on  the  other.  They  are  more  frequent  in  summer  than  in  winter, 
and  after  being  formed  in  the  morning  they  generally  disappear  towards 
evening.  If,  on  the  contrary,  they  become  more  numerous,  and  especially 
if  surmounted  by  cirrus  clouds,  rain  or  storms  may  be  expected. 

Stratus  clouds  consist  of  very  large  and  continuous  horizontal  sheets, 
which  chiefly  form  at  sunset,  and  disappear  at  sunrise.  They  are  frequent 
in  autumn  and  unusual  in  spring-time,  and  are  lower  than  the  preceding. 

The  nimbus,  or  rain  clouds,  which  are  sometimes  classed  as  one  of  the 
fundamental  varieties,  are  properly  a  combination  of  the  three  preceding 
kinds.     They  affect  no  particular  form,  and  are  solely  distinguished  by  a 
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niform  grey  tint,  and  by  fringed  edges.     They  are  indicated  on  the  right  of 
le  figure  by  the  presence  of  one  bird. 

The  fundamental  forms  pass  into  one  another  in  the  most  varied  manner  ; 
(oward  has  classed  these  transitional  forms  as  cirro-cumulus,  drre-stralus, 
nd  cumulo-Uratus,  and  it  is  often  very  difficult  to  tell,  from  the  appearance 
f  a  cloud,  which  type  it  most  resembles.  The  i ' 
liaracterislically  known  as  a  '  mackerel  sky  ;'  it  consists  of  small  roundish 
lasses,  disposed  with  more  or  less  irregularity  and  connection.  It  is  fre- 
ueni  in  summer,  and  attendant  on  warm  and  dry  weather.  Cirro-stratui 
ppears  to  result  from  the  subsidence  of  the  fibres  of  cirrus  to  a  horizontal 
osition,  at  the  same  time  approaching  laterally.  The  form  and  relative 
Dsition  when  seen  in  the  distance  frequently  give  the  idea  of  shoals  offish. 
lie  tendency  of  i-uOTw/o-j/rnfti'j  is  to  spread,sett!edowninlo  the/;imiuj,  and 
nally  fall  a 


The  height  of  clouds  varies  greatly ;  in  the  mean  it  is  from  1 ,300  to  1 ,500 
■rds  in  winter,  and  from  3,300  to  4,400  yards  in  summer.  But  they  olien 
«ist  at  greater  heights ;  Cay-Lussac,  in  his  balloon  asceni,  at  a  height  of 
,630  yards,  observed  cirrus  clouds  above  him,  which  appeared  to  be  at  a 
jnsiderable height.  In  Ethiopia,  D'Abbadie  observed  storm-clouds  whose 
eight  was  only  230  yards  above  the  ground. 

In  order  to  explain  the  suspension  of  clouds  in  the  atmosphere,  Halley 
rst  proposedthe  hypothesis  of  vesicular  vapours.  He  supposed  that  clouds 
re  formed  of  an  iniinity  of  extremely  minute  vesicles,  hollow,  like  soap-bubbles 
lied  with  air,  which  are  hotter  than  the  surrounding  air ;  so  that  these 
esicles  float  in  the  air  like  so  many  small  balloons.  Others  assume  that 
louds  and  fogs  consist  of  extremely  minute  droplets  of  water  which  are 

■in  the  atmosphere  by  the  ascensional  force  of  currents  of  hoi  air. 
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just  as  light  powders  are  raised  by  the  wind.  Ordinarily,  clouds  do  not 
appear  to  descend,  but  this  absence  of  downward  motion  is  only  apparent. 
In  fact,  clouds  do  usually  fall  slowly,  but  then  the  lower  part  is  continually 
dissipated  on  coming  in  contact  with  the  lower  and  more  heated  layers;  at 
the  same  time  the  upper  part  is  always  increasing  from  the  condensation  of 
new  vapours ;  so  that  from  these  two  actions  clouds  appear  to  retain  the 
same  height. 

982.  rormation  of  cloniu. — Many  causes  may  concur  in  the  formation 
of  clouds.    The  usual  cause  of  the  formation  of  a  cloud  is  the  ascent,  into 
higher  regions  of  the  atmosphere,  of  air  laden  with  aqueous  vapour;  it 
thereby  expands,  being  under  diminished  pressure;  and  in  consequence  of 
this  expansion  it  is  cooled,  and  this  cooling  produces  a  condensation  of 
vapour.     Hence  it  is  that  high  mountains,  stopping  the  currents  of  air  and 
forcing  them  to  rise,  are  an  abundant  source  of  rain.     If  the  air  is  quite  dry 
its  temperature  would  be  one  degree  lower  for  every  301  metres.    The  case 
is  different  with  moist  air ;  for  when  the  air  has  ascended  so  high  that  its 
temperature  has  fallen  to  the  dew-point,  aqueous  vapour  is  condensed,  and 
in  consequence  of  this  heat  is  liberated  ;  when  the  dew-point  is  thus  attained, 
and  the  air  is  saturated,  the  cooling  due  to  the  ascent  and  expansion  of  air 
is  counteracted  by  this  liberation  of  latent  heat,  so  that  the  diminution  of 
temperature  with  the  height  is  considerably  slower  in  the  case  of  moist  than 
of  dry  air. 

The  following  calculation  will  give  us  the  quantity  of  water  separated  in 
a  g^ven  case :  Suppose  air  at  a  temperature  of  20°  to  be  saturated  with 
aqueous  vapour  at  that  temperature  ;  the  pressure  of  the  vapour  will  be  17*4 
mm.,  and  the  weight  contained  in  one  cubic  metre  of  air  17-1  granunes. 

If  the  air  has  risen  to  a  height  of  3,500  metres,  it  has  come  under  a 
pressure  which  is  only  §  of  what  it  was  ;  its  temperature  is  4°,  and  its  vol- 
ume about  \\  time  what  it  originally  was.  As  it  remains  saturated  the 
pressure  will  be  6'i  mm.,  and  the  quantity  of  vapour  will  be  6*4  grammes 
in  a  cubic  metre,  that  is  to  say,  6*4  x  ij  =  9-6  grammes  in  the  whole  mass  of 
what  was  originally  a  cubic  metre.  The  pressure  of  aqueous  vapour  has 
sunk  during  the  ascent  from  17*4  mm.  to  6*i  mm.,  and  its  weight  17*1 
grammes  to  96  grammes ;  that  is,  a  weight  of  7*5  grammes  has  been  deposited 
for  that  mass  of  air  which  at  the  sea  level  occupied  a  space  of  one  cubic 
metre.  These  7*5  grammes  are  in  the  form  of  the  small  droplets  which 
constitute  fogs  or  clouds. 

If  the  mass  of  air  had  risen  to  a  height  of  8,500  metres,  where  the  pres- 
sure is  only  one-third  that  on  the  sea-level,  the  temperature  is  —28^,  and 
the  space  it  occupies  three  times  as  great  as  at  first.  The  pressure  of 
aqueous  vapour  is  0*5  mm.,  and  its  weight  o*6  gramme  in  a  cubic  metre. 
Hence  there  are  now  only  i '8  gramme  left,  of  the  entire  quantity  of  aqueous 
vapour  originally  present,  and  the  remaining  I5'3  grammes  would  be 
separated  as  water  or  ice.  A  similar  calculation  will  show  that  at  a  height 
of  4,200  metres,  where  the  temperature  is  zero  and  the  pressure  |,  the  quan- 
tity of  water  present  in  the  original  cubic  metre  is  only  -82  gramme,  the 
rest  being  deposited. 

Thus,  a  mass  of  air  which,  at  the  sea-level,  occupies  a  space  of  a  cubic 
metre,  and  is  saturated  with  aqueous  vapour  at  20",  and  then  contains  17*^ 
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I  height  of  3,500  metres,  8-a 


grammes,  will  on!y  coniain  9'6  grammes  a 

grammes  at  4,200  metres,  and  i-8  gramme  at  8,500  metres. 

a  mass  of  air  rises  from  the  sea-level  to  a  height  of  4,200  ft,,  8'9  grammes  of 

aqueous  vapour  are  separated  as  cloud  vesicles  :  at  8,500  metres,  or  about 

double  the  height,  6-4  grammes  are  separated  in  the  form  of  ice, 

A  hot,  moist  current  of  air  mixing  with  a  colder  current,  undergoes  a 
cooiing,  which  brings  about  a  condensation  of  the  vapour.  Thus  the  hot 
and  moist  winds  of  the  south  and  south-west,  mixing  with  the  colder  air  of 
our  latitudes,  give  rain.  The  winds  of  the  nonh  and  north-east  tend  also, 
in  mixing  with  our  atmosphere,  to  condense  the  vapours  ;  but  as  these  winds, 
owing  to  their  low  temperature,  are  very  dry,  the  mixture  rarely  a 
ration,  and  generally  gives  no  rain. 

The  formation  of  clouds  in  this  way  is  thus  explained  hy  Hutton.  The 
tension  of  aqueous  vapour,  and  therewith  the  quantity  present  in  a  given 
space  when  saturated,  diminishes  according  to  a  geometric  progression, 
while  the  temperature  falls  in  arithmetical  progression  and  therefore  the 
elasticity  of  the  vapour  present  at  any  time  is  reduced  by  a  fall  of  temperature 
more  rapidly  than  in  direct  proportion  to  the  fall.  Hence,  if  a 
warm  air,  saturated  with  aqueous  vapour,  meets  a  current  of  cold  a 
saturated,  the  air  acquires  the  mean  temperature  of  the  two,  but  can  only 
retain  a  portion  of  the  vapour  in  the  invisible  condition,  and  a  cloud  or  mist 
is  formed.  Thus,  suppose  a  cubic  metre  of  air  at  10°  C.  mixes  with  a  cubic 
metre  of  air  at  20°  C.,and  that  they  are  respectively  saturated  with  aqueous 
vapour.  By  formula  (401)  it  is  easily  calculated  that  the  weight  of  water 
contained  in  the  cubic  metre  of  air  at  10°  C  is  9-397  grammes,  and  in  that 
at  20°  C.  is  17-632  grammes,  or  27-029  grammes  in  all.  When  mixed  Ihey 
produce  two  cubic  metres  of  air  at  15°  C.  :  but  as  the  weight  of  water  re- 
quired to  saturate  this  is  only  2x12-8  =  25-6  grammes,  the  excess,  1-429 
grammes,  will  be  deposited  in  the  form  of  mist  or  clouds. 

983.  a«ln. — When  the  individual  vapour  vesicles  become  larger  and 
heavier  by  the  constant  condensation  of  aqueous  vapour,  and  when  finally 
Individual  vesicles  unite,  they  form  regular  drops  which  fail  as  rain. 

The  quantity  of  rain  which  falls  annually  in  any  given  place,  or  the  annual 
rainfall,  is  measured  hy  meaxis  at  a  rain  gauge,  ot  pluviometer.  Ordinarily  it 
consists  of  a  cylindrical  vessel 
M  (figs.  889  and  890),  closed  at 
the  top  by  a  funnel-shaped  ltd, 
in  which  there  is  a  very  small 
hole,  through  which  ihe  rain 
falls.  At  the  bottom  of  the 
vessel  is  a  glass  tube  A,  in 
which  the  water  rises  to  the 
tame  height  as  inside  the  rain 
^uge,  and  is  measured  by  a 
icale  on  the  side,  as  shown  in 
:he  figures. 

The  apparatus  being  placed 

Jie  end  of  a  month  the  height  of 
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it  shows  that  the  water  has  attained  this  height  in  the  vessel,  and,  conse- 
quently, that  a  layer  of  two  inches  in  depth  expresses  the  quantity  of  rain 
which  this  extent  of  surface  has  received. 

It  has  been  noticed  that  the  quantity  of  rain  indicated  by  the  rain  gauge 
is  greater  as  this  instrument  is  nearer  the  ground.    This  has  been  ascribed 
to  the  fact  that  the  raindrops,  which  are  generally  colder  than  the  layers  of 
air  which  they  traverse,  condense  the  vapour  in  these  layers,  and  therefore 
constantly  increase  in  volume.     Hence  more  rain  falls  on  the  surface  of  the 
ground  than  at  a  certain  height.     But  it  has  been  objected  that  the  excess  of 
the  quantity  of  rain  which  falls,  over  that  at  a  certain  height,  is  six  or  seven 
times  that  which  could  arise  from  condensation,  even  during  the  whole  course 
of  the  raindrops  from  the  clouds  to  the  earth.    The  difference  must  there- 
fore be  ascribed  to  purely  local  causes,  and  it  is   now   assumed  that  the 
difference  arises  from  eddies  produced  in  the  air  about  the  rain  gauge,  which 
are  more  perceptible  as  it  is  higher  above  the  ground ;  as  these  eddies  dis- 
perse the  drops  which  would  otherwise  fall  into  the  instrument,  they  dimmish  . 
the  quantity  of  water  which  it  receives. 

In  any  case  it  is  clear  that  if  raindrops  traverse  moist  air,  they  will,  from 
their  temperature,  condense  aqueous  vapour  )uid  increase  in  volume.  li^  on 
the  contrary,  they  traverse  dry  air,  the  drops  tend  to  vaporise,  and  less  rain 
falls  than  at  a  certain  height ;  it  might  even  happen  that  the  rain  did  not 
reach  the  earth. 

The  rainfall  varies  with  the  height  of  a  station  above  the  sea-level,  ai 
the  rate  of  3  or  4  per  cent,  for  each  100  feet  of  altitude  above  the  sea. 

Many  local  circumstances  may  affect  the  quantity  of  rain  which  falls  in 
different  countries  ;  but,  other  things  being  equal,  most  rain  falls  in  hot  cli- 
mates, for  there  the  vaporisation  is  most  abundant.  The  rainfall  decreases, 
in  fact,  from  the  equator  to  the  poles.  At  London  it  is  23*5  inches;  at 
Bordeaux  it  is  258  ;  at  Madeira  it  is  27*7  ;  at  Havannah  it  is  91*2  ;  and  at 
St.  Domingo  it  is  107*6.  The  quantity  varies  with  the  season  :  in  Paris,  in 
winter,  it  is  42  inches  ;  in  spring,  6*9 ;  in  summer,  6*3  ;  and  in  autumn  48 
inches.  The  heaviest  annual  rainfall  at  any  place  on  the  globe  is  on  the 
Khasi  Hills  in  Ben<jal,  where  it  is  600  inches  ;  of  which  500  inches  fall  in 
seven  months.  On  July  i,  185 1,  a  rainfall  of  25 J  inches  on  one  day  >^'as 
absorbed  at  Cherrapoonjee.  At  Kurrachee,  in  the  north-west  of  India,  the 
rainfall  is  only  7  inches. 

The  driest  recorded  place  in  England  is  Lincoln,  where  the  mean  rainfall 
is  20  inches  ;  and  the  wettest  is  Stye,  at  the  head  of  Borrowdale  in  Cumber- 
land, where  it  amounts  to  165  inches.  The  greatest  average  amount  of 
rainfall  in  any  one  day,  taking  the  means  of  all  stations,  is  \\  inch, 
though  individual  stations  far  exceed  this  amount,  sometimes  reaching  4 
inches. 

An  inch  of  rain  on  a  square  yard  of  surface  expresses  a  fall  of  4674 
pounds,  or  4-67  gallons.  On  an  acre  it  corresponds  to  22,622  gallons,  or 
1 00993  5  tons.    1 00  tons  per  inc/i  per  acre  is  a  ready  way  of  remembering  this. 

984.  "Waterspouts. — These  are  masses  of  vapour  suspended  in  the  lower 
layers  of  the  atmosphere  which  they  traverse,  and  endowed  with  a  g>*rator)' 
motion  rapid  enough  to  uproot  trees,  upset  houses,  and  break  and  destroy 
everything  with  which  they  come  in  contact. 
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These  meteors,  *hich  are  generally  accompanied  by  hail  aiid  rain,  often 
emit  lightning  and  thunder,  producing  ihe  sound  of  carriaRes  rolling  over  a 
stony  road.  Many  of  them  have  no  gyratory  motion,  and  about  a  quarter 
f>f  those  observed  are  produced  in  a  calm  atmosphere. 

When  they  take  place  on  the  sea  they  present  a  curious  phenomenon. 
The  water  is  disturbed,  and  rises  in  the  form  of  a  cone,  while  the  clouds  are 
depressed  in  Ihc  form  of  an  inverted  cone ;  the  two  cones  then  unite  and 
form  a  continuous  column  from  the  sea  to  the  clouds  (fig.  891),  which  are 
called  waterspouls.  Even,  however,  on  the  high  seas  the  water  of  these 
waterspouts  is  never  salt,  proving  that  they  are  formed  of  condensed  vapours, 
and  not  of  sea  nater  raised  by  aspiration. 

The  original  of  these  is  not  known.  Kwrnlz  assumes  that  they  are  due 
principally  10  two  opposite  winds  which  pass  by  the  side  of  each  other,  or  to 
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a  vcr)'  high  wind  which  prevails  in  the  higher  regions  of  the  atmosphere. 
Peltier  and  many  others  ascribe  to  them  an  electric  origin. 

Q85.  ZnQiiaae*  of  Miaeona  -rmvtnt  on  qIIidbm.— Tyndall  applied  the 
property  possessed  by  aqueous  vapour  of  powerfully  absorbing  and  radiating 
heat  to  Ihe  explanation  of  some  obscure  points  in  mcieorolog)-.  He  estab- 
lished the  fact  that  in  a  tube  4  feet  long  the  atmospheric  vapour  on  a  day 
of  average  dryness  absorbs  10  per  cent  of  obscure  heat.  With  the  earth 
wanned  by  the  sun  as  a  source,  at  the  very  least  10  per  cent,  of  its  heal  is 
intercepted  within  10  feet  of  the  surface.  The  absorption  and  radiation  of 
aqueous  vapour  is  more  than  16,000  times  that  possessed  by  air. 

The  ntdiaiivf  power  of  aqueous  vapour  may  be  the  main  cause  of  the 
torrential  rains  that  occur  in  the  tropics,  and  also  of  the  formation  of  cumulus 
douds  in  our  own  latitudes.      The  same  property  probably  causes  the 
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descent  of  very  fine  rain,  called  sireifiy  which  has  more  the  characteristics 
of  falling  dew,  as  it  appears  a  short  time  after  sunset,  when  the  sky  is  dear; 
its  production  has  therefore  been  attributed  to  the  cold  resulting  from  the 
radiation  of  the  air.  It  is  not  the  air,  however,  but  the  aqueous  vapour 
in  the  air,  which  by  its  own  radiation  chills  itself,  so  that  it  condenses  into 
serein. 

The  absorbent  power  of  aqueous  vapour  is  of  even  greater  importance. 
Whenever  the  air  is  dry,  terrestrial  radiation  at  night  is  so  rapid  as  to  cause 
intense  cold.     Thus,  in  the  central  parts  of  Asia,  Africa,  and  Australia,  the 
daily  range  of  the  thermometer  is  enormous  ;  in  the  interior  of  the  last-named 
continent  a  difference  in  temperature  of  no  less  than  40^  C.  has  been  recorded 
within  24  hours.     In  India,  and  even  in  the  Sahara,  owing  to  the  copious 
radiation,  ice  has  been  formed  at  night.     But  the  heat  which  aqueous  vapour 
absorbs  most  largely  is  of  the  kind  emitted  from  sources  of  low  temperature; 
it  is  to  a  large  extent  transparent  to  the  heat  emitted  from  the  sun,  whilst  it 
is  almost  opaque  to  the  heat  radiated  from  the  earth.    Consequently,  the 
solar  rays  penetrate  our  atmosphere  with  a  loss,  as  estimated  by  Pouillet,  of 
only  25  per  cent.,  when  directed  vertically  downwards,  but  after  wannmg 
the  earth  they  cannot  re-traverse  the  atmosphere.    Through  thus  preventing 
the  escape  of  terrestrial  heat,  the  aqueous  vapour  in  the  air  moderates  the 
extreme  chilling  which  is  due  to  the  unchecked  radiation  from  the  earth, 
and  raises  the   temperature   of  that  region  over  which   it   is   spread.    In 
TyndalPs  words,  *  aqueous   vapour  is   a  blanket    more   necessary  to  the 
vegetable  life  of  England  than  clothing  is  to  man.     Remove  for  a  single 
summer  night    the  aqueous   vapour  from  the  air  which   overspreads  this 
country,  and  every  plant  capable  of  being  destroyed  by  a  freezing  tempera- 
ture would  perish.     The  warmth  of  our  fields  and  gardens  would  pour  itself 
unrequited  into  space,  and  the  sun  would  rise  upon  an  island  held  fast  in  the 
iron  grip  of  frost.* 

986.  Tyndall's  researolies. — Tyndall  found  that  by  the  action  of  solar 
and  of  the  electric  light  on  vapours  under  a  great  degree  of  attenuation,  they 
are  decomposed.  This  new  reaction  not  only  puts  a  powerful  agent  of 
chemical  decomposition  into  the  hands  of  chemists,  but  it  has  led  Tyndall 
to  important  conclusions  regarding  the  origin  of  the  blue  colour  of  the  sky, 
and  the  polarisation  of  daylight. 

He  used  a  glass  tube  with  glass  ends,  which  could  be  exhausted  and  then 
filled  with  air  charged  with  the  vapours  of  volatile  liquids,  by  allowing  the 
air  to  bubble  through  small  Wolff  bottles  containing  them.  By  mixing  the  air 
charged  with  vapour  with  different  proportions  of  pure  air,  and  by  varying 
the  degree  of  exhaustion,  it  was  possible  to  have  a  vapour  under  any  degree 
of  attenuation.  The  tube  could  also  be  filled  with  the  vapour  of  a  liquid 
alone.  The  tube  having  been  filled  with  air  charged  with  vapour  of  nitrite  of 
amyle,  a  somewhat  convergent  beam  from  the  electric  lamp  was  passed  into 
the  tube.  For  a  moment  the  tube  appeared  optically  empty,  but  suddenly  a 
shower  of  liquid  spherules  was  precipitated  on  the  path  of  the  beam,  forming 
a  luminous  white  cloud.  The  nature  of  the  substance  thus  precipitated  was 
not  specially  investigated. 

This  effect  was  not  due  to  any  chemical  action  between  the  vapour  and 
the  air,  for  when  either  dry  oxygen  or  dry  hydrogen  was  used  instead  of  air, 
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»r  when  the  vapour  was  admitted  alone,  the  efTect  was  substantially  the  same. 
>lor  was  it  due  to  any  heating  effect,  for  the  beam  had  been  previously  sifted 
»y  passing  through  a  solution  of  alum,  and  through  the  thick  glass  of  the 
ens.  The  unsifted  beam  produced  the  same  effect ;  the  obscure  calorific 
ays  did  not  seem  to  affect  the  result. 

The  sun's  light  also  effects  the  decomposition  of  the  nitrite  of  amyle 
rapour ;  and  this  decomposition  was  found  to  be  mainly  due  to  the  more 
'efrangible  rays. 

When  the  electric  light,  before  entering  the  experimental  tube,  was  made 
o  pass  through  a  layer  of  the  liquid  nitrite  of  amyle  an  eighth  of  an  inch  in 
hickness,  the  luminous  effect  was  not  appreciably  diminished,  but  the 
rhemical  action  was  almost  entirely  stopped.  Thus  that  special  constituent 
»f  the  luminous  radiation  which  effects  the  decomposition  of  the  vapour  is 
ibsorbed  by  the  liquid.  The  decomposition  of  liquid  nitrite  of  amyle  by  light, 
f  it  take  place  at  all,  is  far  less  rapid  and  distinct  than  that  of  the  vapour. 
The  circumstance  that  the  absorption  is  the  same  whether  the  nitrite  is  in 
;he  liquid  or  in  the  vaporous  state,  is  considered  by  Tyndall  as  a  proof  that 
;he  absorption  is  not  the  act  of  the  molecule  as  a  whole,  but  that  it  is  atomic  ; 
:hat  is,  that  it  is  to  the  atoms  that  the  peculiar  rate  of  vibration  is  trans* 
Ferred  which  brings  about  the  decomposition  of  the  body.  By  varying  the 
nature  of  the  vapour  the  shape  of  a  cloud  could  be  greatly  varied,  and 
in  many  cases  presented  the  most  fantastic  and  beautiful  forms. 

It  was  also  found  that  a  vapour  which  when  alone  resists  the  action  of 
light  may,  by  being  associated  with  another  gas  or  vapour,  exhibit  a  vigor- 
3us  action.  Thus,  when  the  tube  was  filled  with  atmospheric  air,  mixed  with 
nitrite  of  butyle  vapour,  the  electric  light  produced  very  little  effect ;  but  with 
balf  an  atmosphere  of  this  mixture,  and  half  an  atmosphere  of  air  which  had 
passed  through  hydrochloric  acid,  the  action  of  the  light  was  almost  instan- 
taneous. In  another  case  mixed  air  and  nitrite  of  butyle  vapour  were  passed 
into  the  tube  so  that  the  mixed  air  and  vapour  were  under  a  pressure  of  ,— 
of  an  atmosphere.  Air  passed  through  aqueous  hydrochloric  acid  was 
introduced  until  the  pressure  was  3  inches.  The  condensed  beam  passed 
through  at  first  without  change,  but  afterwards  a  superb  blue  cloud  was 
formed. 

In  cases  where  the  vapours  are  under  a  sufficient  degree  of  attenuation, 
whatever  otherwise  be  their  nature,  the  visible  action  commences  with  the 
formation  of  a  blue  cloud.  The  term  cloud,  however,  must  not  be  understood 
in  its  ordinary  sense  ;  the  blue  cloud  is  invisible  in  ordinary  daylight,  and 
to  be  seen  must  be  surrounded  by  darkness,  //  alone  being  illuminated  by  a 
powerful  beam  of  light.  The  blue  cloud  differs  in  many  imponant  particu- 
lars from  the  finest  ordinary  clouds,  and  may  be  considered  to  occupy  an 
intermediate  position  between  these  clouds  and  true  cloudless  vapour. 

By  graduating  the  quantity  of  vapour,  the  precipitation  may  be  obtained 
of  any  required  degree  of  fineness  ;  forming  either  particles  distinguishable 
by  the  naked  eye,  or  particles  beyond  the  reach  of  the  highest  microscopic 
power.  The  case  is  similar  to  that  of  carbonic  acid  gas,  which,  diffused 
in  the  atmosphere,  resists  the  decomposing  action  of  solar  light,  but  when 
in  contiguity  with  the  chlorophyle  in  the  leaves  of  plants,  is  decom- 
posed. 

SS 
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When  the  blue  cloud  produced  in  these  experiments  was  examined  by 
any  polarising  arrangement,  the  light  emitted  laterally  from  the  beam — that 
is,  in  a  direction  at  right  angles  to  its  axis — ^was  found  to  be  perfectly  polar- 
ised.   This  phenomenon  was  observed  in  its  greatest  perfection  the  more 
perfect  the  blue  of  the  sky.     It  is  produced  by  any  particles,  provided  they 
are  sufficiently  fine.    This  is  quite  analogous  to  the  light  of  the  blue  sky. 
When  this  is  examined  by  a  NicoFs  prism,  or  any  other  analyser,  it  is  found 
that  the  light  emitted  at  right  angles  to  the  path  of  the  sun's  rays  is 
polarised. 

The  phenomena  of  the  firmamental  blue,  and  the  polarisation  of  the 
sky  light,  thus  find  definite  explanations  in  these  experiments.  We  need  only 
assume  the  existence,  in  the  higher  regions  of  the  atmosphere,  of  excessively 
fine  particles  of  water ;  for  particles  of  any  kind  produce  this  effect  It 
is  easy  to  conceive  the  existence  of  such  particles  in  the  higher  regions, 
even  on  a  hot  summer's  day.  For  the  vapour  must  there  be  in  a  state 
of  extreme  attenuation ;  and  inasmuch  as  the  oxygen  and  nitrogen  of  the 
atmosphere  behave  like  a  vacuum  to  radiant  heat,  the  extremely  attenuated 
particles  of  aqueous  vapour  are  practically  in  contact  with  the  absolute  cold 
of  space. 

*  Suppose  the  atmosphere  surrounded  by'  an  envelope  imper\'ious  to 
light,  but  with  an  aperture  on  the  sunward  side,  through  which  a  parallel 
beam  of  solar  light  co.uld  enter  and  traverse  the  atmosphere.  Surrounded 
on  all  sides  by  air  not  directly  illuminated,  the  track  of  such  a  beam  would 
resemble  that  of  the  parallel  beam  of  the  electric  light  through  an  in- 
cipient cloud.  The  sunbeam  would  be  blue,  and  it  would  discharge  light 
laterally  in  the  same  condition  as  that  discharged  by  the  incipient  cloud. 
The  azure  revealed  by  such  a  beam  would  be  to  all  intents  and  purposes  a 
blue  cloud.' 

987.  Dew.  Boar-ft'ost. — De^v  is  merely  aqueous  vapour  which  has 
condensed  on  bodies  during  the  night  in  the  form  of  minute  globules.  It  is 
occasioned  by  the  chilling  which  bodies  near  the  surface  of  the  earth  expe- 
rience in  consequence  of  nocturnal  radiation.  Their  temperature  having  then 
sunk  several  degrees  below  that  of  the  air,  it  frequently  happens,  especially 
in  hot  seasons,  that  this  temperature  is  below  that  at  which  the  atmo- 
sphere is  saturated.  The  layer  of  air  which  is  immediately  in  contact  with 
the  chilled  bodies,  and  which  has  virtually  the  same  temperature,  then  de- 
posits a  portion  of  the  vapour  which  it  contains  ;  just  as  when  a  bottle  of 
cold  water  is  brought  into  a  warm  room,  it  becomes  covered  with  moisture, 
owing  to  the  condensation  of  aqueous  vapour  upon  it. 

According  to  this  theory,  which  was  first  propounded  by  Dr.  Wells,  all 
causes  which  promote  the  cooling  of  bodies  increase  the  quantity  of  dew. 
These  causes  are  the  emissive  power  of  bodies,  the  state  of  the  sky,  and 
the  agitation  of  the  air.  Bodies  which  have  a  great  radiating  power  more 
readily  become  cool,  and  therefore  ought  to  condense  more  vapour.  In  fact, 
there  is  generally  no  deposit  of  dew  on  metals,  whose  radiating  power  is 
very  small,  especially  when  they  are  polished  ;  while  the  ground,  sand,  glass, 
and  plants,  which  have  a  great  radiating  power,  become  abundantly  covered 
with  dew. 

The  state  of  the  sky  also  exercises  a  great  influence  on  the  formation  of 


Sttoiv.     Sleet. 


939 


.  If  the  sky  K  cloudless,  the  planetary  spaces  send  to  the  earth  an  in- 
■eciable  quantity  of  heat,  while  the  earth  radiates  very  considerably,  and 
efore  becomitig  very  much  chilled,  there  is  an  abundant  deposit  of  dew. 
if  there  are  clouds,  as  their  temperature  is  far  higher  than  that  of  the 
etary  spaces,  they  radiate  in  turn  towards  the  earth,  and  as  bodies  on 
surface  of  the  earth  only  experience  a  feeble  chilling,  no  deposit  of  dew 
rs  place. 

iVind  also  influences  the  quantity  of  vapour  deposited.  If  it  is  feeble,  it 
eases  it,  inasmuch  as  it  renews  the  air  ;  if  it  is  strong,  it  diminishes  ii, 
t  heats  the  bodies  by  contact,  and  thus  does  not  allow  the  air  time  lo 
ime  cooled.  Finally,  the  deposit  of  dew  is  more  abundant  according  as 
i.ir  is  moisier,  for  then  it  is  nearer  Its  point  of  saturation. 
Hoar-frost  and  rime  are  nothing  more  than  dew  which  has  been  de- 
led on  bodies  cooied  below  lero,  and  has  therefore  become  frozen.  The 
:ulent  form  which  the  small  crystals  present,  of  which  rime  is  formed, 
vs  that  the  vapours  solidify  directly  without  passing  through  the  liquid 
•„  Hoar-frost,  like  dew,  is  formed  on  bodies  which  radiate  most,  such 
he  stalks  and  leaves  of  vegetables,  and  is  chiefly  deposited  on  the  parts 
cd  towards  the  sky. 

)8S.  aaow.  Bleet. — 5n0W  is  water  solidihed  in  stellate  crystals,  vari- 
y  modified,  and  floating  in  the  atmosphere.  These  crystals  arise  from 
rongelaiion  of  the  minute  vesicles  which  constitute  the  clouds,  when  ihe 
|>erature  of  the  latter  is  below  lero.  They  are  more  regular  when  formed 
calm  atmosphere.  Their  form  may  be  investigated  by  collecting  Ihem 
,  black  surface,  and  viewing  them  through  a  strong  lens.  The  regularity, 
at  the  same  time  variety,  of  their  forms  are  truly  beautiful.  Fig,  8g2 
vs,  some  of  the  forms  as  seen  through  a  microscope. 


t  snows  most  in  countries  near  the  poles,  or  which  are  high  above  ihe 
level.  Towards  the  poles  the  earth  is  constantly  covered  with  snow  ;  ihe 
B  is  the  case  on  high  mountains,  where  there  are  perpetual  snows,  even 
]uatorial  countries.  Very  roughly  a  fall  of  one  foot  of  snow  may  be  taken 
qual  to  an  inch  of  rain. 
^Uei  is  also  solidified  water,  and  consists  of  small  icy  needles  pressed 
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together  in  a  confused  manner.  Its  formation  is  ascribed  to  the  sudden 
congelation  of  the  minute  globules  of  the  clouds  in  an  agitated  atmo- 
sphere. 

989.  Bail. — Hail  is  a  mass  of  compact  globules  of  ice  of  different  sizes, 
which  fall  in  the  atmosphere.  In  our  climate  hail  falls  principally  during 
spring  and  summer,  and  at  the  hottest  times  of  the  day ;  it  rarely  falls  at 
night.     The  fall  of  hail  is  always  preceded  by  a  peculiar  noise. 

Hail  is  generally  the  precursor  of  storms,  it  rarely  accompanies  them, 
and  follows  them  more  rarely  still.  Hail  falls  from  the  size  of  small  peas 
to  that  of  an  ^%%  or  an  orange.  The  formation  of  hailstones  has  never  been 
altogether  satisfactorily  accounted  for;  nor  more  especially  their  great 
size. 

990.  Zoe.  XeffelatioB. — Ice  is  an  aggregate  of  snow  crystals,  such  as 
are  shown  in  fig.  892.  The  transparency  of  ice  is  due  to  the  close  contact 
of  these  cr>'stals,  which  causes  the  individual  particles  to  blend  into  an  un- 
broken mass,  and  renders  the  substance  optically ^  as  well  as  mechanically, 
continuous.  When  large  masses  of  ice  slowly  melt  away,  a  crystalline  forai 
is  sometimes  seen  by  the  gradual  disintegration  into  rude  hexagonal  prisms : 
a  similar  structure  is  frequently  met  with,  but  in  greater  perfection,  in  the  ice 
caves  or  glaciers  of  cold  regions. 

An  experiment  of  Tyndall  has  more  clearly  revealed  the  beautiful  stnic- 
ture  of  ice.  When  a  piece  of  ice  is  cut  parallel  to  its  planes  of  freezing,  and 
the  radiation  from  any  source  of  light,  as  the  sun,  a  gas  or  oil  flame,  is  per- 
mitted to  pass  through  it,  the  disintegration  of  the  substance  proceeds  in  a 
remarkable  way.  By  observing  the  plate  of  ice  through  a  lens,  numerous 
small  crystals  will  be  seen  studding  the  interior  of  the  block  ;  as  the  heat 
continues  these  cry-stals  expand,  and  finally  assume  the  shape  of  six-rayed 
stars  of  exquisite  beauty. 

This  is  a  kind  of  negative  crystallisation,  the  crystals  produced  being 
composed  of  water  ;  they  owe  their  formation  to  the  molecular  disturbance 
caused  by  the  absorption  of  heat  from  the  source.  Nothing  is  easier  than  to 
reproduce  this  phenomenon,  if  care  be  taken  in  cutting  the  ice.  The  planes 
of  freezing  can  be  found  by  noting  the  direction  of  the  bubbles  in  ice,  which 
are  either  sparsely  arranged  in  striae  at  right  angles  to  the  surface,  or  thickly 
collected  in  beds  parallel  to  the  surface  of  the  water.  A  warm  and  smooth 
metal  plate  should  be  used  to  level  and  reduce  the  ice  to  a  slab  not  exceeding 
half  an  inch  in  thickness. 

A  still  more  important  property  of  ice  remains  to  be  noticed.  Faraday 
discovered  that  when  two  pieces  of  melting  ice  are  pressed  together  they 
freeze  into  one  at  their  points  of  contact.  This  curious  phenomenon  is  now 
known  under  the  name  of  regelation.  The  cause  of  it  has  been  the  subject 
of  much  controversy,  but  the  simplest  explanation  seems  to  be  that  given 
by  its  discoverer.  The  particles  on  the  exterior  of  a  block  of  ice  are  held  by 
cohesion  on  one  side  only ;  when  the  temperature  is  at  0°  C,  these  exterior 
particles  being  partly  free  are  the  first  to  pass  into  the  liquid  state,  and  a  film 
of  water  covers  the  solid.  But  the  particles  in  the  interior  of  the  block  are 
bounded  on  all  sides  by  the  solid  ice,  the  force  of  cohesion  is  here  a  maximum, 
and  hence  the  interior  ice  has  no  tendency  to  pass  into  a  liquid,  even  when 
the  whole  mass  '\s  al  0°.    U  the  block  be  now  split  in  halves,  a  liquid  film 
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instantly  covers  the  fractured  surfaces,  for  the  force  of  cohesion  on  the 
fractured  surfaces  has  been  lessened  by  the  act.  By  placing  the  halves 
together,  so  that  their  original  position  shall  be  regained,  the  liquid  films 
on  the  two  fractured  surfaces  again  become  bounded  by  ice  on  both  sides. 
The  film  being  excessively  thin,  the  force  of  cohesion  is  able  to  act  across 
it ;  the  consequence  of  this  is,  the  liquid  particles  pass  back  into  the  solid 
state,  and  the  block  is  reunited  by  regelaiion.  Not  only  do  ice  and  ice  thus 
freeze  together,  but  regelation  also  takes  place  between  moist  ice  and  any 
non-conducting  solid  body,  as  flannel  or  sawdust ;  a  similar  explanation  to 
that  just  given  has  been  applied  here,  substituting  another  solid  for  the  ice 
on  one  side.  It  must  be  remarked,  however,  that  many  eminent  philosophers 
dissent  from  the  explanation  here  given. 

Whatever  maybe  the  true  cause  of  regelation,  there  can  be  no  doubt  that 
this  interesting  observation  of  Faraday's  explains  many  natural  phenomena. 
For  example,  the  formation  of  a  snowball  depends  on  the  regelation  of  the 
snow  granules  composing  it ;  and  as  regelation  cannot  take  place  at  tempera- 
tures below  o**  C,  for  then  both  snow^  and  ice  are  dry,  it  is  only  possible  to 
make  a  coherent  snowball  when  the  snow  is  melting. 

The  snow  bridges,  also,  which  span  wide  chasms  in  the  Alps  and  else- 
where, and  over  which  men  can  walk  in  safety,  owe  their  existence  to  the 
regelation  of  gradually  accumulating  particles  of  snow. 

Bottomley  has  made  a  very  instructive  experiment  which  illustrates 
regelation.  A  block  of  ice  is  suspended  on  two  supports,  and  a  fine  piano 
wire  with  heavy  weights  at  each  end  is  laid  across  it.  After  some  time  the 
wire  has  slowly  cut  its  way  through,  but  the  cut  surfaces  have  reunited,  and, 
excepting  a  few  bubbles,  show  no  trace  of  the  operation  ;  the  wire  is  below 
zero,  as  is  proved  by  placing  it  in  cold  water,  upon  which  some  ice  forms 
round  it. 

991.  Olaolers. — Tyndall  has  applied  this  regelating  property  of  ice  to 
an  explanation  of  the  formation  and  motion  of  glaciers,  of  which  the  follow- 
ing is  a  brief  description :  In  elevated  regions,  what  is  termed  the  stio7v 
line  marks  the  boundary  of  eternal  snow,  for  above  this  the  heat  of  summer 
is  unable  to  melt  the  winter's  snow.  By  the  heat  of  the  sun  and  the  con- 
sequent percolation  of  water  melted  from  the  surface,  the  lower  portions  of 
the  snow-field  are  raised  to  o**  C.  ;  at  the  same  time  this  part  is  closely 
pressed  together  by  the  weight  of  the  snow  above  ;  regelation  therefore  sets 
in,  converting  the  loose  snow  into  a  coherent  mass. 

By  increasing  pressure  the  intermingled  air  which  renders  snow  opaque 
becomes  ejected  and  transparent ;  ice  then  results.  Its  own  g^ravity,  and 
the  pressure  from  behind,  urge  downwards  the  glacier  which  has  thus  been 
formed.  In  its  descent  from  the  mountain  the  glacier  behaves  in  all 
respects  like  a  river,  passing  through  narrow  gorges  with  comparative 
velocity,  and  then  spreading  out  and  moving  slowly  as  its  bed  widens. 
Further,  just  as  the  central  portions  of  a  river  move  faster  than  the  sides, 
so  Forbes  ascertained  that  the  centre  of  a  glacier  moves  quicker  than  its 
margin,  and  from  the  same  reason  (the  difference  in  the  friction  encoun- 
tered) the  surface  moves  more  rapidly  than  the  bottom.  To  explain  these 
facts  Forbes  assumed  ice  to  be  a  viscous  body  capable  of  flexure,  and 
flowing  like  lava ;   but  as  ice  has  not  the  properties  of  a  \v^^Q^as»  va^- 
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Stance,  the  now  generally  accepted  explanation  of  glacier  motion  is  that 
supplied  by  the  theory  of  regelation.  According  to  this  theory,  the  brittle 
ice  of  the  glacier  is  crushed  and  broken  in  its  passage  through  narrow 
channels,  such  as  that  of  Trdlaporte  on  Mont  Blanc ;  and  then,  as  it 
emerges  from  the  gorge  which  confined  it,  becomes  reunited  by  virtue  of 
regelation;  in  this  instance  forming  the  well-known  Mer  de  Glace.  By 
numerous  exp>eriments  Tyndall  has  established  that  regelation  is  adequate 
to  furnish  this  explanation,  and  has  artificially  imitated,  on  a  small  scale, 
the  moulding  of  glaciers  by  the  crushing  and  subsequent  regelation  of  ice. 

992.  Atmosplieiio  eleotrioitT'*  Vfrnnkllii's  espciliiieiit. — The  most 
frequent  luminous  phenomena,  and  the  most  renuurkable  for  their  effects, 
are  those  produced  by  the  free  electricity  in  the  atmosphere.  The  first 
physicists  who  observed  the  electric  spark  compared  it  to  the  gleam  of 
lightning,  and  its  crackling  to  the  sound  of  thunder.  But  Franklin,  by  the 
aid  of  powerful  electrical  batteries,  first  established  a  complete  parallel 
between  lightning  and  electricity  ;  and  he  indicated,  in  a  memoir  published 
in  1749,  the  experiments  necessary  to  attract  electricity  from  the  clouds  by 

means  of  pointed  rods.    The  experiment  was  tried  by 
Dalibard  in  France  ;  and  Franklin,  pending  the  erec- 
tion of  a  pointed  rod  on  a  spire  in  Philadelphia,  had  the 
happy  idea  of  flying  a  kite,  provided   with  a  metal 
point,  which  could  reach  the  higher  regions  of  the 
atmosphere.     In  June  1752,  during  stormy  weather, 
he  flew  the  kite  in  a  field  near  Philadelphia.    The 
kite  was  flown  with  ordinary  pack-thread,  at  the  end 
of  which  Franklin  attached  a  key,  and  to  the  key  a 
silk  cord,  in  order  to  insulate  the  apparatus ;  he  then 
fixed  the  silk  cord  to  a  tree,  and  having  presented 
his  hand  to  the  key,  at  first  he  obtained  no  spark. 
He  was  beginning  to  despair  of  success,  when,  rain 
having  fallen,  the  cord  became  a  good  conductor,  and 
a  spark  passed.     Franklin,  in  his  letters,  describes  his  • 
emotion  on  witnessing  the  success  of  the  experiment 
as  being  so  great  that  he  could  not  refrain  from  tears. 
Franklin  imagined  that  the  kite  withdrew  from  the 
cloud  its  electricity  ;  it   is,  in  fact,  a  simple  case  of 
induction,  and  depends  on  the  inductive  action  which 
the  thunder-cloud  exerts  upon  the  kite  and  the  cord. 

993.  Apparatns  to  iBTestlrAte  tlie  eleetrieity  •( 
the  atmospliere.— To  observe  the  electricity  in  fine 
weather,  when  the  quantity  is  generally  small,  an  appa- 
ratus may  be  used,  as  devised  by  Saussure  for  this 
kind  of  investigation.  It  is  an  electroscope  similar  to 
that  already  described  (751),  but  the  rod  to  which  the 
gold  leaves  are  fixed  is  surmounted  by  a  conductor 
2  feet  in  length,  and  terminates  either  in  a  knob  or 
a  point  (fig.  893).  To  protect  the  apparatus  against 
rain,  it  is  covered  with  a  metal  shield  4  inches  in  dia- 
meter.    The  glass  case  is  square,  instead  of  being  round,  and  a  divided 
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scale  on  its  inside  face  indicates  the  divergence  of  the  gold  leaves.  This 
electrometer  only  gives  signs  of  atmospheric  electricity  as  long  as  it  is 
raised  in  the  atmosphere,  so  that  it  is  in  layers  of  air  of  higher  electrical 
potential  than  its  own. 

To  ascertain  the  electricity  of  the  atmosphere,  Saussure  also  used  a 
copper  ball,  which  he  projected  vertically  with  his  hand.  This  ball  was 
fixed  to  one  end  of  a  metallic  wire,  the  other  end  of  which  was  attached  to  a 
ring,  which  could  glide  along  the  conductor  of  the  electrometer.  From  the 
divergence  of  the  gold  leaves,  the  electrical  condition  of  the  air  at  the 
height  which  the  ball  attained  could  be  determined.  Becquerel,  in  ex- 
periments made  on  the  St.  Bernard,  improved  Saussure's  apparatus  by 
substituting  for  the  knob  an  arrow,  which  was  projected  into  the  atmosphere 
by  means  of  a  bow.  A  gilt  silk  thread,  88  yards  long,  was  fixed  with  one 
end  to  the  arrow,  while  the  other  end  was  attached  to  the  stem  of  an  elec- 
troscope. Peltier  used  a  gold-leaf  electroscope,  at  the  top  of  which  was  a 
somewhat  large  copper  globe.  Provided  with  this  instrument,  the  observer 
places  himself  in  a  prominent  position ;  it  is  then  quite  sufficient  to  raise 
the  electroscope  even  a  foot  or  so  to  obtain  signs  of  electricity. 

To  observe  the  electricity  of  clouds,  where  the  potential  is  very  con- 
siderable, use  is  made  of  a  long  bar  terminating  in  a  point.  This  bar, 
which  is  insulated  with  care,  is  fixed  to  the  summit  of  a  building,  and  its 
lower  end  is  connected  with  an  electrometer,  or  even  with  electric  chimes 
{^%,  641),  which  announce  the  presence  of  thunder-clouds.  As,  however,  the 
bar  can  then  give  dangerous  shocks,  a  metal  ball  must  be  placed  near  it, 
which  is  well  connected  with  the  gp'ound,  and  which  is  nearer  the  bar  than 
the  observer  himself;  so  that  if  a  discharge  should  ensue,  it  will  strike 
the  ball  and  not  the  observer.  Richmann,  of  St.  Petersburg,  was  killed 
in  an  experiment  of  this  kind,  by  a  discharge  which  struck  him  on  the 
forehead. 

Sometimes  also  captive  balloons  or  kites  have  been  used,  provided  with 
a  point,  and  connected  by  means  of  a  gilt  cord  with  an  electrometer. 

A  good  collector  of  atmospheric  electricity  consists  of  a  fishing-rod  with 
in  insulated  handle  which  projects  from  an  upper  window.  At  the  top  is 
a  bit  of  lighted  tinder  held  in  a  metallic  forceps,  the  smoke  of  which,  being 
in  excellent  conductor,  conveys  the  electricity  of  the  air  down  a  wire  attached 
to  the  rod.  A  sponge  moistened  with  alcohol,  and  set  on  fire,  is  also  an 
excellent  conductor. 

A  very  convenient  instrument  for  investigating  atmospheric  electricity 
lias  been  introduced  by  Sir  W.  Thomson ;  one  form  of  which,  used  in  the 
meteorological  observatory  of  Montsouris,is  represented  in  fig.  894.  It  con- 
sists of  a  large  metal  vessel  A  resting  on  three  insulating  glass  legs  fixed  to 
:he  top  of  a  tall  column  of  cast  iron.  A  sheet  metal  mantle  B  protects  the 
supports  from  the  rain.  The  apparatus  is  arranged  in  the  open,  and  can  be 
filled  with  water  from  a  pipe  C.  The  water  issues  through  a  long  lateral 
let  in  A,  in  a  stream  so  fine  that  the  volume  of  the  water  is  not  appreciably 
dtered.  An  insulated  wire  /passing  through  the  column,  connects  the  vessel 
\  with  an  electrometer  placed  indoors. 

The  manner  in  which  electricity  of  the  atmosphere  is  registered  is  seen 
irom  fig.  895,  which  represents  the  form  in  use  at  the  above  observatory.     Iw 
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a  light  tight  box  is  a  band  of  sensitised  photographic  paper  stretched  op 
the  suiface  of  a  cylinder  and  moved  by  clockwork. 

In  one  side  of  the  box  is  a  long  cylindrical  glass  lens,  in  front  of  which 
at  £  are  two  quadrant  electrometers  (780).  Both  of  these  are  connected  with 
the  same  collector  of  electricity,  placed  outside,  and  their  sectors  are  charged 
by  the  same  source  of  electricity,  but  one  of  them  is  ten  times  as  sensitive 
as  the  other.  Near  one  side  of  the  box  is  a  gas  burner  with  an  opaque 
chimney  A,  in  two  opposite  sides  of  which  ate  longitudinal  slits,  through 
which  the  light  passes  to  two  total-reflection  prisms  (545)  pp',  which  are 
arranged  so  as  to  send  two  pencils  of  light  on  the  mirrors  mm'  of  the 


electrometer.  This  is  shown  on  a  larger  scale  on  the  left  of  the  figure  :  the 
two  pencils  fall  upon  the  lens  L,  which  concentrates  in  a  point  the  slices  of 
light  issuing  from  the  chimney  and  reflected  from  the  mirror.  These  follo"' 
the  motion  of  the  mirror,  and  thus  impress  on  the  sensitive  paper  the  cunts 
which  measure  the  electrical  potential  of  the  air. 

There  is  also  an  arrangement  by  which  an  electromagnet  puts  the 
electrometers  to  earth  for  a  few  minutes  at  every  hour,  and  thus  discharges 
iheni.     The  mirrors  revert  then  to  their  original  position  and  recommence  a 

If  we  replace  the  electrometer  with  its  mirror  attached,  by  a  magneto- 
meter, we  can  easily  see  how  the  variations  in  the  magnetic  declination  may 
be  recorded  (702). 

994.  OrdlDBrr  sleotrlcttr  of  tils  atmaipbere.— By  means  of  the  dif- 
ferent apparatus  which  have  been  described,  it  has  been  found  that  the 
presence  of  electricity  in  the  atmosphere  is  not  confined  to  stormy  weather, 
but  that  the  atmosphere  always  contains  free  electricity,  usually  positive,  bui 
sometimes  negative.  When  the  sky  is  cloudless,  the  electricity  is  always 
positive,  but  it  vanes  m  aTOoimv  -mWiv  rfec  height  of  the  locality,  and  with  the 
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lime  of  day.  The  amount  is  greatest  in  the  highest  and  most  isolated 
places.  No  trace  of  positive  electricity  is  found  in  houses,  streets,  and 
under  trees;  in  towns  positive  electricity  is  most  perceptible  in  large  open 
spaces,  on  quays,  or  on  bridges.  In  all  cases  positive  electricity  is  only 
found  at  a  certain  height  above  the  ground.  On  flat  land  it  only  becomes 
perceptible  at  a  lieight  of  five  feet  ;  above  that  point  it  increases  according 
to  a  law  which  is  not  made  out,  but  which  seems  to  depend  on  tlie  hygro- 

At  sunrise  the  positive  electricity  is    feeble ;  it    increases   up  to    11 
o'clock,  according  to  the  season,  and  then  attains  its  first  maximum.     It 
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then  decreases  rapidly  until  a  liltle  before  sunset,  and  then  increases  till  it  I 
reaches  its  second  maximum,  a  few  hours  after  sunset ;  the  remainder  of  I 
the  night  the  electricity  decreases  until  sunrise.    Thus  the  greatest  am 
of  electricity  is  obser\'ed  when  the  baronieiric  pressure  is  highesL    These  ] 
increasing  and  decreasing  periods,  which  are  observed  all  the  year,  are 
more  perceptible  when  the  sky  is  clearer,  and  the  weather  more  settled^ 
The  positive  electricity  of  fine  weather  is  much  stronger  in  winter  ihanii 


When  the  sky  is  clouded,  the  electricity  is  sometimes  positive  and  sonicr  I 
times  negative.  It  often  happens  that  the  electricity  changes  its  sign  I 
several  limes  in  the  course  of  the  day,  owing  10  the  passage  of  an  elecirilicil  I 
cloud.  During  storms,  and  when  it  rains  or  snows,  the  atmosphere  may  be  i 
positively  electrified  one  day,  and  negatively  the  next,  and  the  number  of  j 
the  two  sets  of  days  are  virtually  equal. 
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During  a  thunderstorm  the  changes  in  potential  and  sign  of  electricity 
are  so  rapid  that  the  photographic  method  of  registration  fails. 

From  a  long  series  of  observations  on  the  electricity  of  the  atmosphere 
made  in  the  early  morning,  Dellman  found  that  the  electricity  increased 
with  the  density  of  the  fog,  but  in  a  far  more  rapid  ratio. 

The  electricity  of  the  ground  has  been  found  by  Peltier  to  be  always 
negative,  but  to  different  extents,  according  to  the  hygrometric  state  and 
temperature  of  the  air. 

995.  Causes  of  the  atmosplierlo  eleotrieity. — ^Although  many  hypo- 
theses have  been  propounded  to  explain  the  origin  of  atmospheric  electricity 
it  must  be  confessed  that  our  knowledge  is  in  an  unsatisfactory  state. 

Volta  first  showed  that  the  evaporation  of  water  produced  electricity. 
Pouillet  subsequently  showed  that  no  electricity  is  produced  by  the  evapora- 
tion of  distilled  water ;  but  that  if  an  alkali  or  a  salt  is  dissolved,  even  in 
small  quantity,  the  vapour  is  positively  and  the  solution  is  negatively 
electrified.  The  reverse  is  the  case  if  the  water  contains  acid.  Hence  it 
has  been  assumed  that  as  the  waters  which  exist  on  the  surfece  of  the  earth 
and  on  the  sea  always  contain  salt  dissolved,  the  vapours  disengaged  ought 
to  be  positively  and  the  earth  negatively  electrified.  The  development  of 
electricity  by  evaporation  may  be  observed  by  heating  strongly  a  platinum 
dish,  adding  to  it  a  small  quantity  of  liquid,  and  placing  it  on  the  upper 
plate  of  the  condensing  electroscope  (fig.  641),  taking  care  to  connect  the 
lower  plate  with  the  ground.  When  the  water  of  the  capsule  is  evaporated, 
the  connection  with  the  ground  is  broken,  and  the  upper  plate  raised.  The 
gold  leaves  then  diverge  if  the  water  contained  salts,  but  remain  quiescent 
if  the  water  was  pure. 

Reasoning  from  such  experiments,  Pouillet  ascribed  the  development  of 
electricity  by  evaporation  to  the  separation  of  particles  of  water  from  the 
substances  dissolved  :  but  Reich  and  Riess  showed  that  the  electricity  dis- 
engaged during  evaporation  could  be  attributed  to  the  friction  which  the 
particles  of  water  carried  away  in  the  current  of  vapour  exercise  against  the 
sides  of  the  vessel,  just  as  in  Armstrong's  electrical  machine  (758).  By  a 
recent  series  of  experiments,  Gaugain  has  arrived  at  the  same  result. 

996.  Bleotricity  of  clouds. — In  general  the  clouds  are  electrified, 
usually  positively  but  sometimes  negatively,  and  only  differ  in  their  higher 
or  lower  potential.  The  formation  of  positive  clouds  is  ascribed  to  the 
vapour  disengaged  from  the  ground,  and  condensed  in  the  higher  regions. 
Negative  clouds  are  supposed  to  result  from  fogs,  which,  by  their  contact 
with  the  ground,  become  charged  with  negative  electricity,  which  they  retain 
on  rising  into  the  atmosphere ;  or  that,  separated  from  the  ground  by  layers  of 
moist  air,  they  have  been  negatively  electrified  by  induction  from  the  positive 
clouds,  which  have  repelled  into  the  ground  positive  electricity. 

Whatever  be  the  origin  of  atmospheric  electricity,  there  can  be  no  doubt 
that  the  invisible  aqueous  vapour  is  the  carrier  of  it.  Now  suppose  1,000 
vapour  particles,  each  possessing  the  same  charge  of  electricity,  coalesce  to 
form  a  single  droplet,  the  diameter  of  such  a  droplet  will  be  ten  times  that 
of  the  individual  particles,  that  is,  its  capacity  is  ten  times  as  great  (739) : 
but  the  quantity  of  electricity  will  be  1,000  times  as  great  as  on  the  small 
one,  and  therefore  the  potential  will  be  100  times  as  great.     But  the  number 
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of  vapour  particles  which  go  to  form  a  single  droplet  is  rather  to  be  counted 
by  billions ;  hence  however  small  be  the  finite  value  which  we  assign  to 
the  potential  of  the  electricity  of  the  vapour  particles,  that  of  the  drops  will 
be  infinitely  greater  and  sufficient  to  account  for  the  high  potential  of  clouds, 
which  is  far  higher  than  we  can  ever  hope  to  produce  by  electrical  machines. 

De  la  Rue  and  Miiller  have  calculated  that  the  potential  required  to  pro- 
duce a  flash  a  mile  in  length,  would  be  that  of  3,516,480  of  their  cells  (812). 

997*  &iffhtaiBff . — This,  as  is  well  known,  is  the  dazzling  light  emitted  by 
the  electric  spark  when  it  shoots  from  clouds  charged  with  electricity.  In 
the  lower  regions  of  the  atmosphere  the  light  is  white,  but  in  the  higher 
regions,  where  the  air  is  more  rarefied,  it  takes  a  violet  tint ;  as  does  the 
spark  of  the  electrical  machine  in  a  rarefied  medium  (787). 

The  flashes  of  lightning  are  often  more  than  a  mile,  and  sometimes 
extend  to  four  or  five  miles  in  length  ;  they  generally  pass  through  the 
atmosphere  in  a  zigzag  direction — a  phenomenon  ascribed  to  the  resistance 
offered  by  the  air  condensed  by  the  passage  of  a  strong  discharge.  The 
ipark  then  diverges  from  a  right  line,  and  takes  the  direction  of  least  resist- 
ance.     In  vacuo,  electricity  passes  in  a  straight  line. 

Several  kinds  of  lightning  flashes  may  be  distinguished — i,  the  zigzag 
Rashes,  which  move  with  extreme  velocity  in  the  form  of  a  line  of  fire  with 
sharp  outlines,  and  which  closely  resemble  the  spark  of  an  electrical 
machine ;  2,  the  sheet  flashes,  which,  instead  of  being  linear,  like  the  pre- 
ceding, fill  the  entire  horizon  without  having  any  distinct  shape.  This  kind, 
which  is  most  frequent,  appears  to  be  produced  in  the  cloud  itself,  and  to 
illuminate  the  mass.  According  to  Kundt,  the  number  of  sheet  discharges 
are  to  the  zigzag  discharges  as  11:6;  and  from  spectrum  observations  it 
would  appear  that  the  former  are  brush  discharges  between  clouds,  while 
the  latter  are  true  electrical  discharges  between  the  clouds  and  the  earth. 
Another  kind,  called  heat  lightnings  is  ascribed  to  distant  lightning  flashes 
which  are  below  the  horizon,  but  illuminate  the  higher  strata  of  clouds  so 
that  their  brightness  is  visible  at  great  distances  ;  they  produce  no  sound, 
probably  in  consequence  of  the  fact  of  their  being  so  far  off  that  the  rolling 
of  thunder  cannot  reach  the  ear  of  the  observer.  There  is  further  the  very 
unusual  phenomenon  oi  globe  lightnings  or  the  flashes  which  appear  in  the 
form  of  globes  of  fire.  These,  which  are  sometimes  visible  for  as  much  as 
ten  seconds,  descend  from  the  clouds  to  the  earth  with  such  slowness,  that 
the  eye  can  follow  them.  They  often  rebound  on  reaching  the  ground  ;  at 
other  times  they  burst  and  explode  with  a  noise  like  that  of  the  report  of 
many  cannon. 

The  duration  of  the  light  of  the  first  three  kinds  does  not  amount  to  the 
millionth  of  a  second,  as  was  determined  by  Wheatstone  by  means  of  his 
rotating  wheel,  which  was  turned  so  rapidly  that  the  spokes  were  invisible  : 
on  illuminating  it  by  the  lightning  flash,  its  duration  was  so  short  that 
whatever  the  velocity  of  rotation  of  the  wheel,  it  appeared  quite  stationary  ; 
that  is,  its  displacement  is  not  perceptible  during  the  time  the  lightning  exists. 
The  light  produced  by  a  lightning  flash  must  be  comparable  to  the  sun 
in  brightness,  though  it  does  not  appear  to  us  brighter  than  ordinary  moon- 
light. But  considering  its  excessively  brief  duration,  and  that  the  full 
effect  of  any  light  on  the  eye  is  only  produced  when  its  duration  is  at 
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least  the  tenth  of  a  second,  it  follows  that  a  landscape  continuously  illu- 
minated by  the  lightning  flash  would  appear  100,000  times  as  bright  as  it 
actually  appears  to  us  during  the  flash. 

998.  TlinBder. — Thunder  \^  the  violent  report  which  succeeds  lightning 
in  stormy  weather.  The  lightning  and  the  thunder  are  always  simultaneous, 
but  an  interval  of  several  seconds  is  always  observed  between  these  two 
phenomena,  which  arises  from  the  fact  that  sound  only  travels  at  the  rate  of 
about  1,100  feet  in  a  second  (232),  while  the  passage  of  light  is  almost  instan- 
taneous. Hence  an  observer  will  only  hear  the  noise  of  thunder  five  or  six 
seconds,  for  instance,  after  the  lightning,  according  as  the  distance  of  the 
thunder-cloud  is  five  or  six  times  1,100  feet.  The  noise  of  thunder  arises 
from  the  disturbance  which  the  electric  discharge  produces  in  the  air,  and 
which  may  be  witnessed  in  Kinnersley's  thermometer  (fig.  674).  Near  the 
place  where  the  lightning  strikes,  the  sound  is  dry  and  of  short  duration. 
At  a  greater  distance  a  series  of  reports  are  heard  in  rapid  succession.  At  a 
still  greater  distance  the  noise,  feeble  at  first,  changes  into  a  prolonged  rolling 
sound  of  varying  intensity.  If  the  lightning  is  at  a  greater  distance  than  14 
or  1 5  miles,  it  is  no  longer  heard,  for  sound  is  more  imperfectly  propagated 
through  air  than  through  solid  bodies  ;  hence  there  are  lightning  discharges 
without  thunder ;  these  occur  at  times  when  the  sky  is  cloudless. 

Some  attribute  the  noise  of  the  rolling  of  thunder  to  the  reflection  of 
sound  from  the  ground  and  from  the  clouds.  Others  have  considered  the 
lightning  not  as  a  single  discharge,  but  as  a  series  of  discharges,  each  of 
which  gives  rise  to  a  particular  sound.  But  as  these  partial  discharges 
proceed  from  points  at  different  distances,  and  from  zones  of  unequal  density, 
it  follows  not  only  that  they  reach  the  ear  of  the  observer  successively,  but 
that  they  bring  sounds  of  unequal  density,  which  occasion  the  duration  and 
inequality  of  the  rolling.  The  phenomenon  has  finally  been  ascribed  to 
the  zigzags  of  lightning  themselves,  assuming  that  the  air  at  each  salient 
angle  is  at  its  greatest  compression,  which  would  produce  the  unequal  inten- 
sity of  the  sound. 

999.  affects  of  liirbtnlniT' — The  lightning  discharge  is  the  electric  dis- 
charge which  strikes  between  a  thunder-cloud  and  the  ground.  The  latter, 
by  the  induction  from  the  electricity  of  the  cloud,  becomes  charged  with 
contrary  electricity  ;  and  when  the  tendency  of  the  two  electricities  to  com- 
bine exceeds  the  resistance  of  the  air,  the  spark  passes,  which  is  often  ex- 
pressed by  saying,  that  *a  thunderbolt  has  fallen.'  Lightning  in  general 
strikes  from  above,  but  ascendin^^  lightning  is  also  sometimes  observed ; 
probably  this  is  the  case  when  the  clouds  being  negatively  the  earth  is 
positively  electrified,  for  experiments  show  that  at  the  ordinary  pressure 
the  positive  fluid  passes  through  the  atmosphere  more  easily  than  negative 
electricity. 

From  the  first  law  of  electrical  attraction,  the  discharge  ought  to  fall  first 
on  the  nearest  and  best  conducting  objects,  and,  in  fact,  trees,  elevated 
buildings,  metals,  are  particularly  struck  by  the  discharge.  Hence  it  is  im- 
prudent to  stand  under  trees  during  a  thunderstorm. 

The  effects  of  lightning  are  very  varied,  and  of  the  same  kind  as  those  of 
batteries  (783),  but  of  far  greater  intensity.  The  lightning  discharge  kill* 
men   and  an\ma\s,  sevs  fire  to  combustibles,  melts  metals,   breaks  bad 
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conductors  in  pieces.  When  it  penetrates  the  ground  it  melts  the  siliceous 
substances  on  its  path,  and  thus  produces  in  the  direction  of  the  discharge 
those  remarkable  vitrified  tubes  c2A\^d.fulguriieSy  some  of  which  are  as  much 
as  12  yards  in  length  ;  in  most  cases  there  are  found  to  be  accumulations  of 
water  below  such  fulgurites.  When  it  strikes  bars  of  iron,  it  magnetises 
them,  and  often  inverts  the  poles  of  compass  needles. 

After  the  passage  of  lightning  a  highly  peculiar  odour  is  frequently 
produced,  like  that  perceived  in  a  room  in  which  an  electrical  machine 
is  being  worked.  This  is  due  to  the  formation  of  ozone^  a  peculiar  allotropic 
modification  of  oxygen  (793).  An  electrified  cloud  forms  with  the  earth  below 
a  condenser,  the  intervening  mass  of  air  being  the  dielectric.  This  mass  of 
air  is  therefore  in  a  state  of  strain  like  the  dielectric  in  a  Leyden  jar,  and 
it  is  to  this  state  of  strain  which  precedes  the  actual  discharge,  rather  than 
to  the  discharge  itself,  that  is  due  the  production  of  ozone. 

Heated  air  conducts  better  than  cold  air,  probably  only  owing  to  its 
lesser  density.  Hence  it  is  that  large  numbers  of  animals  are  often  killed 
by  a  single  discharge,  as  they  crowd  together  in  a  storm,  and  a  column  of 
warm  air  rises  from  the  group. 

1000.  Setnrii  slioek. — This  is  a  violent  and  sometimes  fatal  shock  which 
men  and  animals  experience,  even  when  at  a  great  distance  from  the  place 
where  the  lightning  discharge  passes.  It  its  caused  by  the  inductive  action 
which  the  thunder-cloud  exerts  on  bodies  placed  within  the  sphere  of  its 
activity.  These  bodies  are  then,  like  the  ground,  charged  with  the  opposite 
electricity  to  that  of  the  cloud ;  but  when  the  latter  is  discharged  by  the 
recombination  of  its  electricity  with  that  of  the  ground,  the  induction  ceases, 
and  the  bodies  reverting  rapidly  from  the  electrical  state  to  the  neutral  state, 
the  concussion  in  question  is  reproduced,  the  return  shock.  A  gradual  de- 
composition and  reunion  of  the  electricity  produces  no  visible  effects  ;  yet  it 
is  alleged  that  such  disturbances  of  the  electrical  equilibrium  are  perceived 
by  nervous  persons. 

The  return  shock  is  always  less  violent  than  the  direct  one  ;  there  is  no 
instance  of  its  having  produced  any  inflammation,  yet  plenty  of  cases  in 
which  it  has  killed  both  men  and  animals  ;  in  such  cases  no  broken  limbs, 
wounds,  or  bums  are  observed. 

The  return  shock  may  be  imitated  by  placing  a  gold-leaf  electroscope 
connected  by  a  wire  with  the  ground  near  an  electrical  machine  :  when  the 
machine  is  worked,  at  each  spark  taken  from  the  prime  conductor  the  gold 
leaves  of  the  electroscope  diverge. 

looi.  IdfflitiilBv  oondnotor. — This  was  invented  by  Franklin,  in  1755. 

There  are  two  principal  parts  in  a  lightning  conductor  ;  the  rod  and  the 
conductor.  The  rod  is  a  pointed  bar  of  iron,  fixed  vertically  to  the  roof  of 
the  edifice  to  be  protected ;  it  is  from  6  to  10  feet  in  height,  and  its  basal 
section  is  about  2  or  3  inches  in  diameter.  The  conductor  is  a  bar  of  iron, 
which  descends  from  the  bottom  of  the  rod  to  the  ground,  which  it  penetrates 
to  some  distance.  As,  in  consequence  of  their  rigidity,  iron  bars  cannot 
always  be  well  adapted  to  the  exterior  of  buildings,  they  are  best  formed  of 
wire  cords,  such  as  are  used  for  rigging  and  for  suspension  bridges.  In  a 
report  made  by  the  Academy  of  Science  on  the  construction  of  lightning 
conductors,  the  use  of  copper  instead  of  iron  wire  in  these  conductors  is 
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recommended,  inasmuch  as  copper  is  a  better  conductor  than  iron.  The 
metallic  section  of  the  cords  ought  to  be  about  \  a  square  inch,  and  the  in- 
dividual wires  0*04  to  o'o6  inch  in  diameter ;  they  ought  to  be  twisted  in 
three  strands,  like  an  ordinary  cord.  The  conductor  is  usually  led  into  a 
well,  and  to  connect  it  better  with  the  soil  it  ends  in  two  or  three  branches. 
If  there  is  no  well  near,  a  hole  is  dug  in  the  soil  to  the  depth  of  6  or  7  yards, 
and  the  foot  of  the  conductor  having  been  introduced,  the  hole  is  filled 
with  powdered  coke,  which  conducts  very  well,  and  preserves  the  metal  from 
oxidation. 

The  action  of  a  lightning  conductor  depends  on  induction  and  the  power 
of  points  (731) :  when  a  storm-cloud  positively  electrified,  for  instance,  forms 
in  the  atmosphere,  it  acts  inductively  on  the  earth,  repels  the  positive  and 
attracts  the  negative  fluid,  which  accumulates  on  bodies  placed  on  the  surface 
of  the  soil,  the  more  abundantly  as  these  bodies  are  at  a  greater  height 
The  density  is  then  greatest  on  the  highest  bodies,  which  are  therefore  most 
exposed  to  the  electric  discharge ;  but  if  these  bodies  are  provided  with 
metal  points,  like  the  rods  of  conductors,  the  negative  electricity,  withdrawn 
from  the  soil  by  the  influence  of  the  cloud,  flows  into  the  atmosphere,  and 
neutralises  the  positive  electricity  of  the  cloud.  Hence,  not  only  does  a 
lightning  conductor  tend  to  prevent  the  accumulation  of  electricity  on  the 
surface  of  the  earth,  but  it  also  tends  to  restore  the  clouds  to  their  natural 
state,  both  which  concur  in  preventing  lightning  discharges.  This  mode  of 
action  of  lightning  conductors  is  often  overlooked  ;  it  is  stated  in  reference 
to  Pietermaritzburg,  that  until  lightning  rods  became  common  in  that  town, 
it  was  constantly  visited  by  thunderstorms  at  certain  seasons.  They  come 
as  frequently  as  ever,  but  cease  to  give  flashes  on  reaching  the  town; 
they  do  so,  however,  when  they  have  passed  over  it.  The  disengagement  of 
electricity  is,  however,  sometimes  so  abundant,  that  the  lightning  conductor 
is  inadequate  to  discharge  the  ground,  and  the  lightning  strikes  ;  but  the 
conductor  receives  the  discharge,  in  consequence  of  its  greater  conductivity, 
and  the  edifice  is  preserved. 

A  conductor,  to  be  efficient,  ought  to  satisfy  the  following  conditions :— i. 
the  rod  ought  to  be  so  large  as  not  to  be  melted  if  the  discharge  passes ;  ii. 
it  ought  to  terminate  in  a  point,  to  give  readier  issue  to  the  electricity  disen- 
gaged by  induction  from  the  ground  ;  iii.  the  conductor  must  be  continuous 
from  the  point  to  the  ground,  and  the  connection  between  the  rod  and  the 
ground  must  be  as  intimate  as  possible  ;  iv.  if  the  building,  which  is  provided 
with  a  lightning  conductor,  contains  metallic  surfaces  of  any  extent,  such  as 
zinc  roofs,  metal  gutters,  or  ironwork,  these  ought  to  be  connected  with  the 
conductor.  If  the  last  two  conditions  are  not  fulfilled,  there  is  a  great  danger 
of  lateral  dischar^s^es  ;  that  is  to  say,  that  the  discharge  takes  place  between 
the  conductor  and  the  edifice,  and  then  it  increases  the  danger. 

Colladon  concludes,  from  the  observation  of  a  series  of  lightning  dis- 
charges, that  a  tall  tree  such  as  a  poplar,  whose  roots  are  in  dr>'  ground, 
may  act  as  a  good  lightning  conductor,  if  on  the  other  side  of  the  house 
there  does  not  happen  to  be  a  well  or  pool,  towards  which  the  electricity  can 
spring  through  the  house. 

1002.  Rainbow. —The  rainbow  \s  a  luminous  meteor  which  appears  in 
the  clouds  opposite  the  sun  when  they  are  resolved  into  rain.     It  consists  of 
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rainbow  the  violet  is, 
a  greater  number  may 
fierceptible. 

The  phenomenon  of  the  rainbow  is  produced  by  the  decomposition  of  the 
white  light  of  the  sun  when  it  passes  into  the  drops,  and  by  its  reflection 
from  their  inside  face.  In  fact,  the  same  phenomenon  is  witnessed  in  dew- 
drops  and  in  jets  of  water  ;  in  short,  wherever  solar  liuht  passes  into  drops 
of  water  under  a  certain  angle. 

The  appearance  and  the  extent  of  the  rainbow  depend  on  the  position  of 
the  observer,  and  on  the  height  of  the  sun  above  the  hori/on  ;  hence  only 
some  of  the  rays  refracled  by  the  raindrops,  and  reflected  in  their  concavity 
to  the  eye  of  the  spectator,  are  adapted  to  produce  the  phenomenon.  Those 
which  do  so  are  called  effective  rays. 

To  explain  ibis  let  «  (fig.  896)  be  a  drop  of  water,  into  which  a  solar  ray 
.S  a  penetrates.  At  a  point  of  incidence,  a,  part  of  the  lighl  is  reflected  from 
the  surface  of  the  liquid  ;  another,  entering  it,  is  decomposed  and 


b,  part  of  the  light  emerges  from 
urface,  and  tends 
■eflecied  ;  the  re- 
ncidenl  ray,  S  a, 
i  g  O,  proceeding 


the  drop 

the  raindrop,  the  other  part  is  reflected  from  the  c 

to  emerge  al^.     At  this  point  the  light  is  again  partially  n 

mainder  emerges  in  a  direction^O,  which  forms  with  the  ii 

an  angle  called  the  angle  of  deviation.     It  is  such  rays  a 

from  the  side  next  the  observer,  which  produce  on  the  reiir 

of  colours,  provided  the  light  is  sufficiently  intense. 

It  can  be  shown  mathematically  that  in  the  case  of  a  seri' 
impinge  on  the  same  drop,  and  only  undergo  3  reflection  in 
angle  of  deviation  increases  from  the  ray  S"  n,  for  which  it 
certain  limit,  beyond  which  it  decreases,  and  that  near  this  limit  rays  passing 
parallel  into  a  drop  of  rain  also  emerge  parallel.     From  this  paralle" 


s  of  rays  which 
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beam  of  light  is  produced  sufficiently  intense  to  impress  the  retina ;  these 
are  the  rays  which  emerge  parallel  and  are  efficient. 

As  the  different  colours  which  compose  white  light  are  unequally  refran- 
gible, the  maximum  angle  of  deviation  is  not  the  same  for  all.  For  red  rays 
the  angle  of  deviation  corresponding  to  the  active  rays  is  42**  2',  and  for  violet 
rays  it  is  40°  17'.  Hence,  for  all  drops  placed  so  that  rays  proceeding  from 
the  sun  to  the  drop  make,  with  those  proceeding  from  the  drop  to  the  eye,  an 
angle  of  42°  2',  this  organ  will  receive  the  sensation  of  red  light ;  this  will  be 
the  case  with  all  drops  situated  on  the  circumference  of  the  base  of  a  cone, 
the  summit  of  which  is  the  spectator's  eye  ;  the  axis  of  this  cone  is  parallel 
to  the  sun's  rays,  and  the  angle  formed  by  the  two  opposed  generating  lines 
is  84®  4'.  This  explains  the  formation  of  the  red  band  in  the  rainbow ;  the 
angle  of  the  cone  in  the  case  of  the  violet  band  is  80®  34'. 

The  cones  corresponding  to  each  band  have  a  common  axis  called  the 
visual  axis.  As  this  right  line  is  parallel  to  the  rays  of  the  sun,  it  follows 
that  when  this  axis  is  on  the  horizon,  the  visual  axis  is  itself  horizontal,  and 
the  rainbow  appears  as  a  semicircle.  If  the  sun  rises,  the  visual  axis  sinks, 
and  with  it  the  rainbow.  Lastly,  when  the  sun  is  at  a  height  of  42®  2',  the 
arc  disappears  entirely  below  the  horizon.  Hence  the  phenomenon  of  the 
rainbow  never  takes  place  except  in  the  morning  and  evening. 

What  has  been  said  refers  to  the  interior  arc.  The  secondar>'  bow  is 
formed  by  rays  which  have  undergone  two  reflections,  as  shown  by  the  ray 
S'  i cife  O,  in  the  drop/.  The  angle  S'  I  O  formed  by  the  emergent  and 
incident  ray  is  called  the  angle  of  deviation.  The  angle  is  no  longer  suscep- 
tible of  a  maximum,  but  of  a  minimum,  which  varies  for  each  kind  of  rays, 
and  to  which  also  efficient  rays  correspond.  It  is  calculated  that  the  mini- 
mum angle  from  violet  rays  is  54°  7',  and  for  red  rays  only  50°  57' ;  hence  it 
is  that  the  red  bow  is  here  on  the  inside,  and  the  violet  arc  on  the  outside. 
There  is  a  loss  of  light  for  every  internal  reflection  in  the  drop  of  rain,  and 
therefore  the  colours  of  the  secondary  bow  are  always  feebler  than  those  of 
the  internal  one.  The  secondary'  bow  ceases  to  be  visible  when  the  sun  is 
54°  above  the  horizon. 

The  moon  sometimes  produces  rainbows  like  the  sun,  but  they  are  very' 
pale. 

1003.  Aurora  borealls. — The  aurora  borealis^  or  northern  light,  or  more 
properly /fl/rfr  aurora^  is  a  remarkable  luminous  phenomenon  which  is  fre- 
quently seen  in  the  atmosphere  at  the  two  terrestrial  poles.  The  following 
is  a  description  of  an  aurora  borealis  observed  at  Bossekop,  in  Lapland,  laL 
70°,  in  the  winter  of  1838-9 : — 

In  the  evening,  between  4  and  8  o'clock,  the  upper  part  of  the  fog  which 
usually  prevails  to  the  north  of  Bossekop  became  coloured.  This  light 
became  more  regular,  and  formed  an  indistinct  arc  of  a  pale  yellow,  with  its 
concave  side  turned  towards  the  earth,  while  its  summit  was  in  the  magnetic 
meridian. 

Blackish  rays  soon  separated  the  luminous  parts  of  the  arc.  Luminous 
rays  formed,  becoming  alternately  rapidly  and  slowly  longer  and  shorter, 
their  lustre  suddenly  increasing  and  diminishing.  The  bottom  of  these  rays 
always  showed  the  brightest  light,  and  formed  a  more  or  less  regular  arc. 
The  length  o(  Ihe  tays  was  very  variable,  but  they  always  converged  towards 
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ihe  same  poini  of  the  horizon,  which  was  in  the  prolongation  of  the  north 
end  of  the  dipping-needle  :  sometimes  the  rays  were  prolonged  as  far  as 
their  point  of  meeting,  and  thus  appeared  like  a  fragment  of  an  immense 

'an  undulalory  motion  towards  the  lenith. 
n  both  left  the  horizon  ;  the  folds  became 
:  arc  was  now  nothing  more  than  a 
very  graceful  shapes,  forming  what  is  called 
the  boreal  crown.  The  lustre  of  the  rays  varied  suddenly  in  intensity,  and 
attained  that  of  stars  of  the  first  magnitude;  the  rays  darted  with  rapidily< 
the  curves  formed  andre-fonned  like  the  folds  of  a  serpent  (fig- 897),  the  base 
^was  red,  the  middle  green,  while  the  remainder  retained  Us  bright  yellow 
colour.  Lastly,  the  lustre  diminished,  the  colours  disappeared  ;  everything 
became  feebler  or  suddenly  went  out. 

A  French  sctentitic  commission   to  the    North  observed    1 


i 


long  band  of  rays  convoluted  ii 


boreales  in  200  days ;  it  appears  that  at  the  poles,  nights  without  an  aurora 
borealis  are  quite  exceptional,  50  that  it  may  be  assumed  that  they  take  place 
every  night,  though  with  varying  intensity.  They  are  visible  at  a  consider- 
able distance  from  the  poles,  and  over  an  immense  area.  Sometimes  the  sa 
aurora  borealis  has  been  seen  at  the  same  lime  at  Moscow,  Warsaw,  Rome, 
and  Cadiz.  Their  height  is  variously  estimated  at  from  90  to  460  miles. 
Mr.  Newton  found  the  mean  height  of  30  aurorre  to  be  133  miles;  they 
are  most  frequent  at  the  equinoxes,  and  least  so  at  Ihe  solstices.  The 
number  differs  in  different  years,  attaining  a  maximum  every  ti  years  at 
Ihe  same  time  as  the  sun-spots,  and  like  these  a  minimum  which  is  about  5 
or  6  years  from  the  maximum.  The  years  1844,  1855,  i860,  and  1877  are 
poor  in  the  appearance  of  the  aurora. 

There  is,  moreover,  a  period  of  about  60  years  ;  for  the  years  1718,  1780, 
and  1842  have  been  remarkable  for  the  prevalence  of  the  autoca,.    TI 
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two  periods  are  also  remarkable  for  the  occurrence  of  disturbances  in  the 
earth's  magnetism. 

Numerous  hypotheses  have  been  devised  to  accotmt  for  the  aurone 
boreales.  The  constant  direction  of  their  arc  as  regards  the  magnetic  me- 
ridian, and  their  action  on  the  magnetic  needle  (702),  seem  to  show  that  they 
ought  to  be  attributed  to  electric  currents  in  the  higher  regions  of  the  atmo- 
sphere. In  high  latitudes  the  aurora  borealis  acts  powerfully  on  the  wires  of 
the  electric  telegraph  ;  the  alarums  are  for  a  long  time  violently  rung,  and 
despatches  frequently  interrupted  by  the  spontaneous  abnormal  working  of 
the  apparatus. 

The  spectrum  of  the  aurora  borealis  has  been  found  by  Vogel  to  consist 
of  live  lines  in  the  green,  and  of  an  indistinct  line  in  the  blue ;  to  which  must 
be  added  a  red  line  due  to  the  red  protuberances  ;  these  lines  are  the  same 
as  those  of  nitrogen  greatly  rarefied  and  at  a  low  temperature. 

According  to  De  la  Rive  aurorae  boreales  arc  due  to  electric  discharges 
which  take  place  in  polar  regions  between  the  positive  electricity  of  the 
atmosphere  and  the  negative  electricity  of  the  earth ;  electricities  whidi 
themselves  are  separated  by  the  action  of  the  sun,  principally  in  the  equa- 
torial regions. 

The  occurrence  of  irregular  currents  of  electricity  which  manifest  them- 
selves by  abnormal  disturbances  of  telegraphic  communications  is  not  in- 
frequent :  such  currents  have  received  the  name  of  earth  currents,  Sabine 
has  found  that  these  magnetic  disturbances  are  due  to  a  peculiar  action  of 
the  sun,  and  probably  independently  of  its  radiant  heat  and  light  It  has 
also  been  ascertained  that  the  aurora  borealis  as  well  as  earth  currents  in- 
variably accompanies  these  magnetic  disturbances.  According  to  Balfour 
Stewart,  aurorae  and  earth  currents  are  to  be  regarded  as  secondary  currents 
due  to  small  but  rapid  changes  in  the  earth's  magnetism ;  he  likens  the 
body  of  the  earth  to  the  magnetic  core  of  a  RuhmkorflPs  machine  (905) ;  the 
lower  strata  of  the  atmosphere  forming  the  insulator,  while  the  upper  and 
rarer,  and  therefore  electrically  conducting  strata,  may  be  considered  as  the 
secondary  coil. 

On  this  analogy  the  sun  may  perhaps  be  likened  to  the  primary  current 
which  performs  the  part  of  producing  changes  in  the  magnetic  state  of  the 
core.  Now  in  RuhmkorflPs  machine  the  energy  of  the  secondary  current  is 
derived  from  that  of  the  primary  current.  Thus,  if  the  analogy  be  correct, 
the  energy  of  the  aurora  borealis  may  in  like  manner  come  from  the  sun ; 
but  until  we  know  more  of  the  connection  between  the  sun  and  terrestrial 
magnetism,  these  ideas  are  to  be  accepted  with  some  reserve. 
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1004.  BKeaa  tampeimtiire. — Tht  mean  daily  temperature^  or  simply  tem- 
perature^ is  that  obtained  by  adding  together  24  hourly  observations,  and 
dividing  by  24.  A  very  close  approximation  to  the  mean  temperature  is 
obtained  by  taking  the  mean  of  the  highest  and  lowest  temperatures  of  the 
day  and  of  the  night,  which  are  determined  by  means  of  the  maximum  and 
minimum  thermometers.  These  ought  to  be  protected  from  the  solar  rays, 
to  be  raised  above  the  ground,  and  far  from  all  objects  which  might  influence 
them  by  their  radiation. 

The  temperature  of  a  month  is  the  mean  of  those  of  30  days,  and  the 
temperature  of  the  year  is  the  mean  of  those  of  12  months.  Finally,  the 
temperature  of  a  place  is  the  mean  of  its  annual  temperature  for  a  great 
series  of  years.  Tbe  mean,  temperature  of  London  is  8*28°  C,  or  46-9°  F. 
The  temperatures  in  all  esses  are  those  of  the  air,  and  not  those  of  the 
ground. 

1005.  Oanses  wbieli  modify  the  tampcnMaPs  «f  tlie  air.—  The  principal 
causes  which  modify  the  temperature  of  the  air  are  Uie  latitude  of  a  place, 
its  height,  the  direction  of  the  winds,  and  proximity  of  seas. 

Influence  of  the  latitude, — The  influence  of  the  latitude  arises  from  the 
greater  or  less  obliquity  of  the  solar  rays,  for  as  the  quantity  of  heat  absorbed 
is  greater  the  more  perpendicular  are  the  rays  (414),  the  heat  absorbed 
decreases  from  the  equator  to  the  poles,  for  the  rays  are  then  more 
oblique.  This  loss  is,  however,  in  summer,  in  the  temperate  and  arctic 
zones,  partially  compensated  by  the  length  of  the  days.  Under  the  equator, 
where  the  length  of  the  days  is  constant,  the  temperature  is  almost  invari- 
able ;  in  the  latitude  of  London,  and  in  more  northerly  countries,  where  the 
days  are  very  unequal,  the  temperature  varies  greatly ;  but  in  summer  it 
sometimes  rises  almost  as  high  as  under  the  equator.  The  lowering  of  the 
temperature  produced  by  the  latitude  is  small :  thus,  in  a  latitude  115  miles 
north  of  France,  the  temperature  is  only  1°  C.  lower. 

Influence  of  height. — The  height  of  a  place  has  a  much  more  consider- 
able influence  on  the  temperature  than  its  latitude.  In  the  temperate  zone 
a  diminution  of  i^  C.  corresponds  in  the  mean  to  an  ascent  of  180  yards. 

The  cooling  on  ascending  in  the  atmosphere  has  been  observed  in 
balloon  ascents,  and  a  proof  of  it  has  been  seen  in  the  perpetual  snows 
which  cover  the  highest  mountains.  It  is  caused  by  the  greater  rarefaction 
of  the  air,  which  necessarily  diminishes  its  absorbing  power ;  besides  which 
the  air  is  at  a  greater  distance  from  the  ground,  which  heats  it  by  contact ; 
and  finally,  dry  air  is  very  diathermanous. 

The  law  of  the  diminution  of  temperature  corresponding  to  a  greater 
height  in  the  atmosphere  has  not  been  made  out,  in  consequence  of  the 
numerous  disturbing  causes  which  modify  it,  such  as  the  prevalent  winds, 
the  hygrometric  state,  the  time  of  day,  &c.  The  difference  between  the 
temperatures  of  two  places  at  unequal  heights  is  not  proportional  to  the 
difference  of  level,  but  for  moderate  heights  an  approximation  to  the  law 
may  be  made.    As  the  mean  of  a  series  of  very  careful  observations  mad<^ 
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during  balloon  ascents,  a  diminution  of  i®  C  corresponded  to  an  increase  in 
height  of  232  yards. 

Direction  of  winds. — As  winds  share  the  temperature  of  the  countries 
which  they  have  traversed,  their  direction  exercises  great  influence  on  the 
air  in  any  place.  In  Paris,  the  hottest  winds  are  the  south,  then  come  the 
south-east,  the  south-west,  the  west,  the  east,  the  north-west,  north,  and 
lastly,  the  north-east,  which  is  the  coldest.  The  character  of  the  wind 
changes  with  the  seasons  :  the  east  wind,  which  is  cold  in  winter,  is  warm  in 
summer. 

Proximity  of  the  sea, — The  neighbourhood  of  the  sea  tends  to  raise  the 
temperature  of  the  air,  and  to  render  it  uniform.  The  average  temperature 
of  the  sea  in  equatorial  and  polar  countries  is  always  higher  than  that  of  the 
atmosphere.  With  reference  to  the  uniformity  of  the  temperature,  it  has 
been  found  that  in  temperate  regions — that  is,  from  25®  to  50®  of  latitude— the 
difference  between  the  highest  and  lowest  temperature  of  a  day  does  not 
exceed,  on  the  sea,  2®  to  3°  ;  while  upon  the  Continent  this  amounts  to  from 
12°  to  1 5°.  In  islands  the  uniformity  of  temperature  is  very  perceptible,  even 
during  the  greatest  heats.  In  continents,  on  the  contrar>',  the  winters  for 
the  same  latitudes  become  colder,  and  the  difference  between  the  tempera- 
ture of  summer  and  winter  becomes  greater. 

1006.  Onlf  Stream. — A  similar  influence  to  that  of  the  winds  is  exerted 
by  currents  of  warm  water.  To  one  of  these,  the  Gulf  Stream,  the  mildness 
of  the  climate  in  the  north-west  of  Europe  is  mainly  due.  This  great  body  of 
water,  taking  its  origin  in  equatorial  regions,  flows  through  the  Gulf  of  Mexico, 
from  whence  it  derives  its  name  :  passing  by  the  southern  shores  of  North 
America,  it  makes  its  way  in  a  north-westerly  direction  across  the  Atlantic, 
and  finally  washes  the  coast  of  Ireland  and  the  north-west  of  Europe  gene- 
rally. Its  temperature  in  the  Gulf  is  about  28°  C.  ;  and  it  is  usually  a  little 
more  than  5°  C.  higher  than  the  rest  of  the  ocean  on  which  it  floats,  owing 
to  its  lower  specific  gravity.  To  its  influence  is  due  the  milder  climate  of 
west  Europe  as  compared  with  th«it  of  the  opposite  coast  of  America  ;  thus 
the  river  Hudson,  in  the  latitude  of  Rome,  is  frozen  over  three  months  in  the 
year.  It  also  causes  the  polar  regions  to  be  separated  from  the  coasts  of 
Europe  by  a  girdle  of  open  sea  ;  and  thus  the  harbour  of  Hammerfest  is 
open  the  year  round.  Besides  its  influence  in  thus  moderating  climate,  the 
(lulf  Stream  is  an  important  help  to  navigators. 

ICX37.  Zsotliennal  lines. — When  on  a  map  all  the  points  whose  tempera- 
ture is  known  to  be  the  same  are  joined,  curves  are  obtained  which  Hum- 
boldt first  noticed,  and  which  he  called  isothermal  lines.  If  the  temperature 
of  a  place  only  varied  with  the  obliquity  of  the  sun's  rays — that  is,  with  the 
l.ilitude — isothermal  lines  would  all  be  parallel  to  the  equator ;  but  as  the 
temperature  is  influenced  by  many  local  causes,  especially  by  the  height,  the 
isothermal  lines  are  always  more  or  less  curved.  On  the  sea,  however,  they 
are  almost  parallel.  A  distinction  is  made  between  isothermal  lines^  isotherd 
lines ^  and  isocliimenal  lines,  where  the  tnean  general^  the  mean  summer,  and 
the  mean  winter  temperatures  are  respectively  constant.  An  isothermal 
cone  is  the  space  comprised  between  two  isothermal  lines.  Kupffer  also 
distinguishes  isogeothermic  lines  where  the  mean  temperature  of  the  soil  is 
constant. 
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1008.  OUm»ta. — By  the  climate  of  a  place  is  understood  the  whole  of  the 
meteorological  conditions  to  which  a  place  is  subjected ;  its  mean  annual 
temperature,  summer  and  winter  temperatures,  and  the  extremes  within 
which  these  are  comprised.  Some  writers  distinguish  seven  classes  of 
climates,  according  to  their  mean  annual  temperature  :  a  hot  climate  from 
30°  to  25*^  C. ;  a  warm  climatt  from  25°  to  20°  C.  ;  a  mild  climate  from  20*^ 
to  15°  C. ;  2i  temperate  climate  from  15"  to  10°  C. ;  a  cold  climate  from  11°  to 
5°  C. ;  a  very  cold  climate  from  5°  to  zero  C. ;  and  an  arctic  clitnate  where 
the  temperature  is  below  zero. 

Those  climates,  again,  are  classed  as  constant  climates^  where  the  dif- 
ference between  the  mean  and  summer  and  winter  temperature  does  not 
exceed  6®  to  8*^ ;  variable  climates^  where  the  difference  amounts  to  from 
16°  to  20** ;  and  extreme  climates^  where  the  difference  is  greater  than  30°. 
The  climates  of  Paris  and  London  are  variable  ;  those  of  Pekin  and  New 
York  are  extreme.  Island  climates  are  generally  little  variable,  as  the 
temperature  of  the  sea  is  constant ;  and  hence  the  distinction  between  land 
and  sea  climates.  Marine  climates  are  characterised  by  the  fact  that  the 
difference  between  the  temperature  of  summer  and  winter  is  always  less 
than  in  the  case  of  continental  climates.  But  the  temperature  is  by  no 
means  the  only  character  which  influences  climates  ;  there  are,  in  addition, 
the  moisture  of  the  air,  the  quantity  and  frequency  of  the  rains,  the  nuinber 
of  storms,  the  direction  and  intensity  of  the  winds,  and  the  nature  of  the  soil. 

1009.  BIstrlbntioB  of  temperatnre  on  tlie  sorfaee  of  tlie  ylobe. — The 
temperature  of  the  air  on  the  surface  of  the  globe  decreases  from  the  equator 
to  the  poles ;  but  it  is  subject  to  perturbing  causes  so  numerous  and  so 
purely  local,  that  its  decrease  cannot  be  expressed  by  any  law.  It  has 
hitherto  not  been  possible  to  do  more  than  obtain  by  numerous  observations 
the  mean  temperature  of  each  place,  or  the  maximum  and  minimum  tempe- 
ratures. The  following  table  gives  a  general  idea  of  the  distribution  of  heat 
in  the  Northern  Hemisphere  :— 


Mean  temperature  at  different  latitudes. 


Abyssinia 

310^  c. 

Paris 

1 08* 

Calcutta . 

28-5 

Brussels  . 

IO'2 

Jamaica  . 

26-1 

Strasburg 

9-8 

Senegal  . 

24-6 

Geneva    . 

97 

Rio  de  Janeiro 

23-1 

Boston     . 

93 

Cairo 

22*4 

London    . 

8-3 

Constantine    . 

17-2 

Stockholm 

5-6 

Naples    . 

167 

Moscow   . 

3-6 

Mexico  . 

1 6-6 

St.  Petersburg. 

3-5 

Marseilles 

14-1 

St.  Gothard 

-i-o 

Constantinople 

137 

Greenland 

-77 

Pekin 

127 

Melville  Island 

.     -187 

c. 


These  are  mean  yearly  temperatures.  The  highest  temperature  which  has 
been  observed  on  the  surface  of  the  globe  is  47*4**  at  Esne,  in  Egypt,  and  the 
lowest  is  —75®  in  the  Arctic  Expedition  of  1876;  which  gives  a  difference 
of  122^  between  the  extreme  temperatures  observed  on  the  surface  of  the 
globe. 
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The  highest  temperature  observed  at  Paris  was  38*4^  on  July  8, 1793, 
and  the  lowest  -23*5®  on  December  26,  1798.  The  highest  observed  at 
Greenwich  was  35^  C.  in  1808,  and  the  lowest  -20P  C.  in  1838. 

No  arctic  voyagers  have  succeeded  in  reaching  the  poles,  in  consequence 
of  these  seas  being  completely  frozen,  and  hence  the  temperature  is  not 
known.     In  our  hemisphere  the  existence  of  a  sin^e  giadcUpoU — that  is,  a 
place  where  there  was  the  maximum  cold — ^has  been  long  assumed.  But  the 
bendings  which  the  isothermal  lines  present  in  the  Northern  Hemisphere  have 
shown  that  in  this  hemisphere  there  are  two  cold  poles^-one  in  Asia,  to  the 
north  of  Gulf  Taymour ;  and  the  other  in  America,  north  of  Barrow's  Straits, 
about  1 5°  from  the  earth's  north  pole.    The  mean  temperature  of  the  first  of 
these  poles  has  been  estimated  at  — 17^  and  that  of  the  second  at  -19". 
With  respect  to  the  austral  hemispheres,  the  observations  are  not  sufficiently 
numerous  to  tell  whether  there  are  one  or  two  poles  of  greatest  cold,  or  to 
determine  their  position. 

loio.  Tempeimtnre  of  lakesf  mmmm%  and  sprUifs- — In  the  tropics  the 
temperature  of  the  sea  is  generally  the  same  as  that  of  the  air;  in  polar 
regions  the  sea  is  always  warmer  than  the  atmosphere. 

The  temperature  of  the  sea  under  the  torrid  zone  is  always  about  26^  to 
27°  at  the  surface :  it  diminishes  as  the  depth  increases,  and  in  temperate 
as  well  as  in  tropical  regions  the  temperature  of  the  sea  at  great  depths  is 
between  2*5°  and  3*5°.  The  temperature  of  the  lower  layers  is  caused  by 
submarine  currents  which  carry  the  cold  water  of  the  polar  seas  towards  the 
equator. 

The  variations  in  the  temperature  of  lakes  are  more  considerable ;  their 
surface,  which  becomes  frozen  in  winter,  may  become  heated  to  20'  or  25°  in 
summer.  The  temperature  of  the  bottom,  on  the  contrary,  is  virtually  4', 
which  is  that  of  the  maximum  density  of  water. 

Springs,  which  arise  from  rain  water  which  has  penetrated  into  the  crust 
of  the  globe  to  a  greater  or  less  depth,  necessarily  tend  to  assume  the  tempe- 
rature of  the  terrestrial  layers  which  they  traverse.  Hence,  when  they  reach 
the  surface  their  temperature  depends  on  the  depth  which  they  have  attained. 
If  this  depth  is  that  of  the  layer  of  invariable  temperature,  the  springs  have 
a  temperature  of  10''  or  1 1°  in  this  country,  for  this  is  the  temperature  of  this 
layer,  or  about  the  mean  annual  temperature.  If  the  springs  are  not  very 
copious,  their  temperature  is  raised  in  summer  and  cooled  in  winter  by  that 
of  the  layers  which  they  traverse  in  passing  from  the  invariable  layer  to  the 
surface.  But  if  they  come  from  below  the  layer  of  invariable  temperature, 
their  temperature  may  considerably  exceed  the  mean  temperature  of  the 
place,  and  they  are  then  called  thermal  springs.  The  following  list  gives 
the  temperature  of  some  of  them  : — 


Wildbad    . 

37*5 

Vichy 

40 

Bath 

46 

Ems 

46 

Baden-Baden 

67-5 

Chaudes-Aigues 

88 

Trincheras . 

(>7 

Great  Geyser,  '\tv 

lct\a.tvd, 

at  a  depth  of  66  ft.     . 

124 
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From  their  high  temperature  they  have  the  property  of  dissolving  many 
mineral  substances  which  they  traverse  in  their  passage,  and  hence  form 
mineral  waters.  The  temperature  of  mineral  waters  is  not  modified  in 
g^eneral  by  the  abundance  of  rain  or  of  dryness  ;  but  it  is  by  earthquakes, 
after  which  they  have  sometimes  been  found  to  rise  and  at  others  to  sink. 

loi  I.  IHstiiMitioB  of  land  and  water. — The  distribution  of  water  on  the 
sur^Eice  of  the  earth  exercises  great  influence  on  climate.  The  area  covered 
by  water  is  considerably  greater  than  that  of  the  dry  land ;  and  the  distribu- 
tion is  unequal  in  the  two  hemispheres.  The  entire  surface  of  the  globe 
occupies  about  200  millions  of  square  miles,  nearly  }  of  which  is  covered  by 
i¥ater ;  that  is,  the  extent  of  the  water  is  nearly  three  times  as  great  as  that 
9f  the  land.  The  surface  of  the  sea  in  the  Southern  Hemisphere  is  to  that  in 
the  Northern  in  about  the  ratio  of  13  to  9. 

The  depth  of  the  open  sea  is  very  variable ;  the  lead  generally  reaches 
the  bottom  at  about  300  to  450  yards  ;  in  the  ocean  it  is  often  1,300  yards, 
and  instances  are  known  in  which  a  bottom  has  not  been  reached  at  a  depth 
of  4,50a  It  has  been  computed  that  the  total  mass  of  the  water  does  not 
exceed  that  of  a  liquid  layer  surrounding  the  earth  with  a  depth  of  about 
lyioo  yards. 
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PROBLEMS    AND    EXAMPLES 

IN   PHYSICS. 


«<f,  " 


I.  EQUILIBRIUM. 

i.  A  body  being  placed  successively  in  the  two  pans  of  a  balance,  requires  i8o 
grammes  to  hold  it  in  equilibrium  in  one  pan,  and  i8i  grammes  in  the  other ;  required 
the  weight  of  the  body  to  a  milligramme. 

From  the  formula  x  «  "Jppt  we  have 

X  —   \/i8o  Y  i8i   «■  i8o»',  499. 

2.  What  resistance  does  a  nut  offer  when  placed  in  a  pair  of  nutcrackers  at  a 
distance  of  |  of  an  inch  from  the  joint,  if  a  pressure  of  5  pounds  applied  at  a  distance^^  ^  '  3 
of  4  inches  from  the  joint  is  just  sufiicient  to  crack  it  ?  Ans.  a6}  pounds. 

3.  What  force  is  required  to  raise  a  cask  weighing  6  cwt.  into  a  cart  o'8  metre 
high  along  a  ladder  275  metres  in  length  ?  Ans.  195^  pounds. 

4.  If  a  horse  can  move  30  cwt.  along  a  level  road,  what  can  it  move  along  a  road  [    \/ 
the  inclination  of  which  is  i  in  80,  the  coefficient  of  friction  on  each  road  being  ^  ?       «  ^/^ 

Ans.  96§cwt. 

5.  The  piston  of  a  force-pump  has  a  diameter  of  8  centimetres,  and  the  arms  of 
the  lever  by  which  it  is  worked  are  respectively  12  an9  96  centimetres  in  length  ;  what 
force  must  be  exerted  at  the  longer  arm  if  a  pressure  of  12*36  pounds  on  a  square  cen- 
timetre is  to  be  applied?  Ans.  TJ'^  pounds. 

II.  GRAVITATION. 

6.  A  stone  is  thrown  from  a  balloon  with  a  velocity  of  50  metres  in  a  second.  How 
soon  will  the  velocity  ftnount  tq  99  metres  in  a  second,  and  through  whAt  distance 
will  the  stone  have  falleii  ? 

To  find  the  time  requisite  for  the  body  to^have  acquired  the  velocity  of  99  metres  in 
a  second,  we  have 

V-  V^  gt\ 

in  which  V  is  the  initial  velocity,  g  the  acceleration  of  gravity  which,  with  sufficient 
approximation,  is  equal  to  9*8  metres  in  a  second,  and  /  the  time.  Substituting  these 
values,  we  have 

/  m.  99  ""  50  .   49   .  e  seconds. 

98  98  y 

For  the  space  traversed  we  have  ^ 

s  ^  Vt  -¥  \g^  «  50  X  5  -f  4*9  X  25  -372*5  metres. 

7.  A  projectile  was  thrown  vertically  upwards  to  a  height  of  5xo™*22.  Disregard- 
ing the  lesiatance  of  the  air,  what  was  the  initial  velocity  of  the  body  ? 

The  velocity  is  the  same  as  that  which  the  body  would  have  acquired  on  falling 
from  a  height  of  5x0*22  metres. 

Fh>m  the  formula  v  m.  >/a^we  get 

V  —  >/a  X  9*8  X  510*22  —  iJxQooo  —  100  metres. 

8.  A  stone  is  thrown  vertically  upwards  with  an  initial  velocity  of  zoo  metres. 
After  what  time  would  it  return  to  its  original  position  ? 

XT 


962  Problems  and  Examples  in  Physics. 

The  time  of  rising  and  falling  is  the  same,  but  the  time  of  falUiig  is  -  (from  the 

formula  v^gt)  or  ^  —10*2,  which  is  half  the  time  required  ;  therefore  /«ao*4  sec. 

9*8 

9.  A  stone  is  thrown  vertically  upwards  with  an  initial  velocity  of  zoo  metres ;  after 
jr  seconds  a  second  stone  is  thrown  with  the  same  velocity.  The  second  stone  is  rising 
87  seconds  before  it  meets  the  first.    What  inter\'al  separated  the  throws? 

The  rising  stone  will  have  the  velocity  v  «  V  -^  gi,  whence  v  m  xoo  —  9*8  x  87. 
On  the  other  hand,  the  falling  stone,  at  the  moment  the  stones  meet,  will  have  the  velocity 
given  by  the  equation  v  «  gt'  in  which  t*  is  the  time  during  which  the  stone  falls 

before  it  meets  the  second  one.    This  time  is  equal  to  87  seconds  4>  jr  —  '-^    Hence 

9*8 
its  velocity  is  ^  ^ 

V  -  9-8  (87  +  X  -  ^^^. 

Ex]uating  the  two  values  of  v  and  reducing,  we  obtain  r  «  3  seconds. 

10.  A  body  moving  with  a  uniformly  accelerated  motion  traverses  a  space  of  1000 
metres  in  10  seconds.  What  would  be  the  space  traversed  during  the  eighteenth 
second  if  the  motion  continued  in  the  same  manner  ? 

The  formula  s  —  i^/'  gives  forlthe  accelerating  force/  «  ao  metres  per  second. 
The  space  traversed  during  the  eighteenth  second  ynM  be  equal  to  the  difference  of 
the  space  traversed  in  18  seconds  and  that  traversed  at  the  end  of  the  seventeenth. 

20  X  18'       ao  X  17' 
X  —       —    ._   _'-  B  350  metres. 

2  2 

11.  A  cannon-ball  has  been  shot  vertically  up>^'ards  with  a  velocity  of  250  metres  in 
a  second.  After  what  interval  of  time  would  its  velocity  h:jve  bAm  reduced  to  54  metres 
under  the  retarding  influence  of  gravity,  and  what  space  would  nave  been  traversed  by 
the  ball  at  the  end  of  this  time  ? 

If  /  be  the  time,  then  at  the  end  of  each  second  the  initial  velocity  would  be  dimi* 
nished  by  9"'8.     Hence  we  shall  have 

54  m,  250  —  /  X  9*8,  whence  /  «  20  seconds ; 

and  for  the  space  traversed 

0*8  X  20^ 
■a  250  X  20  —  ^ «  3040  metres, 

» 

12.  Required  the  time  in  which  a  body  would  fall  through  a  height  of  aooo  metres, 
neglecting  the  resistance  of  the  air. 

From  J  =  i  gfi  and  substituting  the  values,  we  have 

2000  «3  9     /*,  whence  /  «  20*2  seconds. 

2 

13.  A  body  falls  in  air  from  a  height  of  4000  metres.  Required  the  time  of  its  fell 
and  its  velocity  when  it  strilces  the  ground. 

From  the  formula  s  «  ^gfl  we  have  for  the  time  /  «  ^/^  * '  ^"^»  ®"  ^^'^  ^^^ 
hand,  from  the  formula  for  velocity  v  ^  gt  we  have  /  =  ^sa'^n«20"4. 

Hence  ^  »     /  ^- »  ^^m  which  v  «  v^a  sg,  and  substituting  the  values  for  s  and 
S       ^    g 
i^,  V  a  280  metres. 

14.  A  stone  is  thrown  into  a  pit  150  metres  deep  and  reaches  the  bottom  in  4 
seconds.  With  what  velocity  was  it  thrown,  and  what  velocity  had  it  acquired  00 
reaching  the  ground  ?  Ahs.  The  stone  was  thrown  with  a  velocity  of  17*9,  and  on 
reaching  the  ground  had  acquired  the  velocity  57*1. 

15.  A  stone  is  thrown  downwards  from  a  height  of  150  metres  with  a  velocity  of  10 
metres  per  second.     How  long  will  it  require  to  fall  ? 

The  distance  through  which  the  stone  falls  is  equal  to  the  sum  of  the  distances 
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through  which  it  would  fall  in  virtue  of  its  initial  impulse  and  of  that  which  it  would 

traverse  under  the  influence  of  gravity  alone ;  that  is,  150  **  10  /  +  ^       , 

2 

Taking  the  positive  value  only  we  get  /  «  4*61  seconds. 

16.  How  far  will  a  heavy  body  fall  in  vacuo  during  the  time  in  which  its  velocity 
increases  from  40*25  feet  per  second  to  88*55  ^^^  P^^  second  ? 

Ans.  Taking  the  value  of  ^  at  32*2  feet,  the  body  falls  through  96*6  feet. 

17.  Required  the  time  of  oscillation  of  a  single  pendulum  whose  length  is  0*9938. 
and  in  a  place  where  the  intensity  of  gravity  is  9*81. 

From  the  general  formula  /  •  »      >/  - ,  in  which  /  expresses  the  time  of  one  oscil- 
lation, /  the  length  of  the  pendulum,  and  ^  the  intensity  of  gravity,  wc  have 

/  -  3*1416      /?*99384  .  I  second. 

18.  What  is  the  intensity  of  gravity  in  a  place  in  which  the  length  of  the  seconds 
pendulum  is  o™*99i  ? 

In  this  case  /  •  » ^  /   ^  ;  and  also  /  —  w^  /    .\  and  therefore     .  —    - ,   from 

V  ^  sr  g'  g       g 

which  g*  «  ^-,     Substituting  in  this  latter  equation  the  values  of  g\  I  and  /,  we 

have^'  =  9™782. 

19.  In  a  place  at  which  the  length  of  the  seconds  pendulum  is  0*99384,  it  is  required 
to  know  the  length  of  a  pendulum  which  makes  one  oscillation  in  5  seconds. 

In  the  present  case,  as  g  remains  the  same  in  the  general  formula,  and  /  varies,  the 
length  /  must  vary  also.      "We  shall  have,  then, 


I 


-  v;^  v ; 


from  which,  reducing  and  introducing  the  values,  we  have 

/  -  S«  X  0*99384  -  24*846. 

20.  A  pendulum,  the  length  of  which  is  i">*95,  makes  61,682  oscillations  in  a  day. 
Required  the  length  of  the  seconds  pendulum.  Ans.  0*99385  metres. 

21.  A  pendulum  clock  loses  5  seconds  in  a  day.  By  how  much  must  it  be 
shortened  to  keep  correct  time  ? 

Let  s  tm  the  number  of  seconds  in  one  day,  and  /  the  number  indicated  by  the 

clock,  then  s  :  /-»  :  n'-/* :  t^s/7 :  V/  .•,  86400 :  86395*1 :  \/Jrr.».  j:«  '9998843. 
Hence  i—4f« 0*0001157  Ahs, 

22.  What  is  the  normal  acceleration  of  a  body  which  traverses  a  circle  of  4*2 
metres  diameter  with  a  rectangular  velocity  of  3  metres  ?  Ans,  4*286  metres. 

23.  An  iron  ball  falls  from  a  height  of  68  cm.  on  a  horizontal  iron  plate,  and 
rebounds  to  a  height  of  37  cm.     Required  the  coefficient  of  elasticity  of  the  iron. 

If  an  imperfectly  elastic  ball  with  the  velocity  v  strikes  against  a  plate,  it  rebounds 

with  the  velocity  %  »  —if,  from  which,  disregarding  the  sign,  k  «  ^*,     Now  we 

have  the  velocity  v,  »  ^/a  gh^  and  v  m  tjligk,  from  which  k  —  ^  '*    Substitut- 

^  k 

ing  the  corresponding  values,  we  get  k  »  0*63. 

24.  Two  inelastic  bodies,  weighing  respectively  100  and  900  pounds,  strike  against 
each  other  with  velocities  of  50  and  20  feet ;  what  is  their  common  velocity,  after  the 
impact  ?  Ans,  30,  or  3*3,  according  as  they  move  in  the  same  or  in  opposite  directions 
before  impact. 
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III.    ON  LIQUIDS  AND  GASES. 

■ 

25.  The  force  with  which  a  hydraulic  press  is  worked  is  90  pounds  ;  the  arm  of  the 
lev'cr  on  which  this  force  acts  is  5  times  as  long  as  that  of  the  resistance ;  lastly,  the 
area  of  the  large  piston  is  70  times  that  of  the  smaller  one.  Required  the  pressure 
transmitted  to  the  large  piston. 

If  F  be  the  power,  and  p  the  pressure  transmitted  to  the  smaller  piston,  we  have 
from  the  principle  of  the  lever/  x  z  «  ^  x  5.  Moreover,  from  the  principle  of  the 
equality  of  pressure 

P  X  T  »/x70m5X20X70'b  7000  pounds. 

26.  The  force  with  which  a  hydraulic  press  is  wrorked  being  50  kilos,  and  the  arm 
of  the  lever  by  which  this  force  is  applied  being  10  times  as  long  as  that  of  the  resist- 
ance,  and  the  diameter  of  the  small  piston  being  two  centimetres ;  find  the  diameter  of 
the  large  piston,  in  order  that  a  pressure  of  aooo  kilos,  may  be  produced. 

Ans.  5*164  centimetres. 

27.  One  of  the  limbs  of  a  U-shaped  glass  tube  contains  mercury  to  a  height  of 
o'"*i75  ;  the  other  contains  a  different  liquid  to  a  height  of  0^*42 ;  the  two  columns 
being  in  equilibrium,  required  the  density  of  the  second  liquid  with  reference  to  mer- 
cury and  to  water. 

If  d  is  the  density  of  the  liquid  as  compared  with  mercury  and  d^  the  density  com- 
pared with  water,  then  i  x  0*175  =  0*42  x  d ;  and  13*6  x  0*175  «  0*42  x  d/, 
whence  d  »  0*4 16  and  </,  «  5  "66. 

28.  What  force  would  be  necessary  to  support  a  cubic  decimetre  of  platinum  in 
mercury  at  zero  ?    Density  of  mercury  13*6  and  that  of  platinum  21*5. 

From  the  formula  P  ■■  FZ)  the  weight  of  a  cubic  decimetre  of  platinum  is 
I  x  21 '5  —  21*^*5  and  that  of  a  cubic  decimetre  of  mercury  is  i  x  13*6  «»  13* "6. 
From  the  principle  of  Archimedes,  the  immersed  platinum  loses  part  of  its  weight 
equal  to  that  of  the  mercury  which  it  displaces.  Its  weight  in  the  liquid  is  therefore 
21*5  —  X3'6  «  7'9,  and  this  represents  the  force  required. 

29.  Given  a  body  A  which  weighs  7*55  grammes  in  air,  5*17  gr.  in  water,  and 
6*35  gr.  in  another  liquid,  B ;  required  from  these  data  the  density  of  the  body  A  and 
that  of  the  liquid  B. 

The  weight  of  the  body  A  loses  in  water  7*55  —  5 '17  «■  2*38  grammes ;  this  repre- 
sents the  weight  of  the  displaced  water.  In  the  liquid  B  it  loses  7*55  —  6*35  «  1*2  gr.; 
this  is  the  weight  of  the  same  volume  of  the  body  B,  as  that  of  A  and  of  the  displaced 
water.     The  si)ecific  gravity  o(  A  is  therefore 

75|  ^  3*172,  and  that  of  i9  ^^  «  0*504. 
238  238 

30.  A  cube  of  lead,  the  side  of  which  is  4  cm.,  is  to  be  supported  in  water  by 
being  suspended  to  a  sphere  of  cork.  What  must  be  the  diameter  of  the  latter,  the 
specific  gravity  of  cork  being  0*24,  and  that  of  lead  11*35  ? 

The  volume  of  the  lead  is  64  cubic  centimetres ;  its  weight  in  air  is  therefore 
64  X  11*35,  and  its  weight  in  water  64  x  11*35  —  64  «  662*4  gr. 

If  r  be  the  radius  of  the  sphere  in  centimetres,  its  volume  in  cubic  centimetres  wll 

be^-^     ,  and  its  weight  in  grammes  is  ^ x  004^     Now.  as  the  weight  of  the 

3  3 

displaced  water  is  obviously  ^  »  r*  in  grammes,  there  will  be  an  upward  buoyanqr 

3 

represented  by  ^  '  '^  -  ^  '  'tjL^^  .  iJL!lJ'-'>'7^,  which  must  be  equal  to  the 

3  3 

weight  of  the  lead  ;  that  is,  ^ ^  °  7°  =  662*5,  from  which  r  —  5" '925  and  the 

3 
diameter  i-  ii'^S. 
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31.  A  cylindrical  steel  magnet  15  cm.  in  length  and  I'a  mm.  in  diameter,  is  loaded 
at  one  end  with  a  cylinder  of  platinum  of  the  same  diameter  and  of  ^ch  a  length  that 
when  the  solid  thus  formed  is  in  mercury,  the  free  end  of  the  steel  projects  10  mm. 
above  the  surface.  Required  the  length  of  this  platinum,  specific  gravity  of  steel 
being  7*8  and  of  platinum  21*5. 

The  weight  of  the  steel  in  grammes  will  be  15  w  r'  x  7*8  and  of  the  platinum 
jr  H  X  21 '5. 

These  are  together  equal  to  the  weight  of  the  displaced  mercury,  which  is 

»  r*  (14  +  x)  13*6,  from  which  x  «  9*29  cm. 

32.  A  cylindrical  silver  wire  o*"'oox5  in  diameter  weighs  3*2875  grammes  ;  it  is  to 
be  covered  with  a  layer  of  gold  o<b'ooo2  in  thickness.  Required  the  weight  of  the  gold ; 
the  specific  gravity  of  silver  being  10*47  ^^<^  ^^^^  ^^  Z'^'^  19*26. 

If  r  is  the  radius  of  the  silver  wire  and  R  its  radius  when  covered  with  gold,  then 
r  ■■  o«*075  and  R  «  o«*095.  The  volume  of  the  silver  wire  will  be  »  r*  /  and  its 
weight  »  r*  / 10*47,  from  which  /  «  i7«*768. 

The  volume  of  the  layer  of  gold  is 

»(/?»-  r«)  17*768, 
and  its  weight 

w  (0*095^  —  0*075')  ^  17*768  X  19*26  —  3*656  nearly. 

33.  A  kilogramme  of  copper  is  to  be  drawn  into  wire  having  a  diameter  of  0*16 
centimetre.    What  length  will  it  yield  ?    Specific  gravity  of  copper  8*88. 

The  wire  produced  represents  a  cylinder  /  cm.  in  length,  the  weight  of  which  is 
«  f*  /  8*88,  and  this  is  equal  to  1000  grammes.     Hence  /  »  56'"*oo85. 

34.  The  specific  gravity  of  cast  copper  being  8*79,  and  that  of  copper  wire  being 
8*88,  what  change  of  volume  does  a  kilogramme  of  cast  copper  undergo  in  being 

drawn  into  wire?  Ans.     °° 


86617 

35.  Determine  the  volumes  of  two  liquids,  the  densities  of  which  are  respectively 
z'3  and  0*7,  and  which  produce  a  mixture  of  three  volumes  having  the  density  0*9. 

tf  X  and  y  be  the  volumes,  then  from  P  «  VD,  1*3  jr  ■»■  o*7>  «  3  x  0*9  and 
X  '¥  y  ^  3,  from  which  jt  «  i  and  y  ^  %, 

36.  The  specific  gravity  of  zinc  being  7  and  that  of  copper  9,  what  weight  of  each 

metal  must  be  taken  to  form  50  grammes  of  an  alloy  having  the  specific  gravity  8*8,  it 

being  assumed  that  the  volume  of  the  alloy  is  exactly  the  sum  of  the  alloyed  metals  ? 

Let  4r  B  the  weight  of  the  rinc,  and  y  that  of  the  copper,  then  jr  +  ^  «  50,  and 

p 
from  the  formula  P  »  VD^  which  gives  V  »  -  ,  the  volumes  of  the  two  metals  and  of 

the  alloy  are  respectively  f  +  -^  ■  5?  ^    From  these  two  equations  we  get  *  •  17-07 

andjr  -  32*93, 

37.  A  platinum  sphere  3  cm.  in  diameter  is  suspended  to  the  beam  of  a  very  ac- 
curate balance,  and  is  completely  immersed  in  mercury.  It  is  exactly  counterbalanced 
by  a  copper  cylinder  of  the  same  diameter  completely  immersed  in  water.  Required 
the  height  of  the  cylinder.  Specific  gravity  of  mercury  13*6,  of  copper  8*8,  and  of 
platinum  21*5.  Ans.  2*025  centimetres. 

38.  To  balance  an  ingot  of  platinum  27  grammes  of  brass  are  placed  in  the  other 
pan  of  the  balance.  What  weight  would  have  been  necessary  if  the  weighing  had  been 
effected  in  vacuo?    The  density  of  platinum  is  21*5,  that  of  brass  8*3,  and  air  under 

a  pressure  of  760  mm.  and  at  the  temperature  o^  has  —  the  density  of  water. 

770 

The  weight  of  brass  in  air  is  not  27  grammes,  but  this  weight  minus  the  weight  of 

a  volume  of  air  equal  to  its  own. 

Since  P  -    VD  ,,  V  ^  ^  and  the  weight  of  the  air  is  ^   ^  - ?7__ 

D  Z?  X  770        8*3  X  770 

By  similar  considerations,  if  4r  is  the  weight  of  platinum  in  vacuo,  its  wev^Kt  v(v^vc 
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will  be  X  minus  tlte  weight  of  air  displaced,  that  is  jt  —  — ,  and  this  weight 

ai*5  X  770 

is  equal  to  that  of  the  true  weight  of  the  brass  ;  and  we  have 


X  — 


m  27  —        ^ ;  from  which  x  ■■  26*996. 


21*5  X  770  8*3  X  770 

39.  A  body  loses  in  caxbonic  acid  i'i5  gr.  of  its  weight.  What  would  be  its  loss 
of  weight  in  air  and  in  hydrogen  respectively? 

Since  a  litre  of  air  at  oP  and  760  mm.  weighs  z'293  gramme,  the  same  volume  of 
carbonic  add  weighs  1*393  x  1*534  *  1*97  gramme.  We  shall,  therefore,  obtain  the 
volimie  of  darbonic  add  corresponding  to  z'zsgr.  by  dividing  this  number  by  1*97, 
which  gives  0*5837  litre.  This  being  then  the  volume  of  the  body,  it  displaces  that 
volume  of  air,  and  therefore  its  loss  of  wdght  in  air  is  0*5837  x  1*293  ""  0*7547  grammes, 
and  in  hydrogen  0*5837  x  1*293  ^  0*069  •  0^52076. 

40.  Calculate  the  ascensional  force  of  a  spherical  balloon  of  oiled  silk  which,  when 
empty,  weighs  62*5  kilos,  and  which  is  filled  with  impure  hydrogen,  the  density  of 

which  is  '-  that  of  air.    The  oiled  silk  wdghs  0*250  kilo,  the  square  metre. 

The  surface  of  the  balloon  is ^  .  25osquare  metres.  This  surface  bdng  that  of 

0*25 

a  sphere,  is  equal  t04iri?',  whence4iri?'  «■  250  and  J^  ■■  4*459 ;  therefore  F"—  4-  — — 

«  371*52  cubic  metres. 

The  weight  of  air  displaced  is  371  '52  x  i  *293  kilo  ■■  480*375  kilos  ;  the  weight  of 
the  hydrogen  is  36*88  kilos,  and  therefore  the  ascensional  force  is 

480*375  -  (36*88  +  62*5)  -  380*995. 

41.  A  balloon  4  metres  in  diameter  is  made  of  the  same  material  and  filled  %vitb 
the  same  hydrogen  as  above.  How  much  hydrogen  is  required  to  fill  it,  and  what 
weight  can  it  support  ? 

The  volume  is  ^  »  ^  »  33'5i  cubic  metres,  and  the  surface  4  vi?*  «■  50*265  square 

metres.  The  weight  of  the  air  displaced  is  33*51  x  1*293  ■•  43*328  kilos,  and  that  of 
the  hydrogen  is  hrom  the  above  data  3*333  kilos,  while  the  weight  of  the  material  is  12*566 
kilos.     Hence  the  wdght  which  the  balloon  can  support  is 

43*328  -  (12-566  +  3*333)  -  27*429  kil. 

42.  Under  the  receiver  of  an  air-pump  is  placed  a  balance,  to  which  arc  suspended 
two  cubes;  one  of  these  is  3  centimetres  in  the  side, and  wdghs  26*324  gr.  ;  and  the  other 
is  5  centimetres  in  the  side,  and  weighs  26*2597  grammes.  When  a  partial  vacuum  is 
made  these  cubes  just  balance  each  other.     What  is  the  pressure?         Ans,  o"*374. 

43.  A  soap  bubble  8  centimetres  in  diameter  was  filled  >\ith  a  mixture  of  one 
volume  of  hydrogen  gas  and  15  volumes  air.  The  bubble  just  floated  in  the  air;  re- 
quired the  thickness  of  the  film. 

The  weight  of  the  volume  of  air  displaced  is  ^  »  r*  x  0*001293  gramme,  and  that 

3 

of  the  mixture  of  gases    ^  «"  r^  x  0*001293  x  ^^ 000^  .  ^^^   ^^^  difference  of 

3  10 

these  will  equal  the  weight  of  the  soap  bubble. 

This  weight  is  that  of  a  spherical  shell,  which,  since  its  thickness  /  is  very 
small,  is  with  sufficient  accuracy  4  w  r*  /  j  in  grammes,  where  s  is  the  specific  gravity 
»i*i.     Hence 

^  wt^  r*ooi293  —   001293  X    -^  T^^)   =  4  »  ''•  /  1*1. 

Dividing  each  side  by  ^  ir  r^,  and  putting  r  =  4,  we  get 

3 

A  X  -ooi^Q^  Q^  -  -^^^)  -3*3  ^ ; 
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or 

•001293  X  ^307  «  3.3  / . 

whence  /  ^  *oooo9i  16629  cm. 

44.  tn  a  vessel  whose  capacity  is  3  litres,  there  are  introduced  a  litres  of  hydrogen 
under  the  pressure  of  5  atmospheres ;  3  litres  of  nitrogen  under  the  pressure  of  half  an 
atmosphere,  and  4  litres  of  carbonic  acid  under  the  pressure  of  4  atmospheres.  What  is 
the  final  pressure  of  the  gas.  the  temperature  being  supposed  constant  during  the 
experiment  ? 

The  pressure  of  the  hydrogen,  from  Dalton's  law,  will  be  — '^— ^,  that  of  the  nitro- 

3 

gen  will  remain  unchanged,  and  that  of  the  carbonic  acid  will  be  ^—-^,     Hence  the 

3 
total  pressure  will  be 

??+'-+  i-  •  9J  atmospheres. 
333 

45.  A  vessel  containing  10  litres  of  water  is  first  exposed  in  contact  with  oxygen 
under  a  pressure  of  78  cm.  until  the  water  is  completely  saturated.  It  is  then  placed 
in  a  confined  sgaxs^  containing  100  litres  of  carbonic  acid  under  a  pressure  of  72  cm. 
Required  the  volumes  of  the  two  gases  when  equilibrium  is  established.  The  coeffi- 
cient of  absorption  of  oxygen  is  0*042.  and  that  of  carbonic  acid  unity. 

The  volume  of  oxygen  dissolved  is  0*42.  Being  placed  in  caibonic  acid  it  will 
act  as  if  it  alone  occupied  the  space  of  the  carbonic  acid,  and  its  pressure  vdll  be 

78   X   -°.'*.-_  »  0*326  cm. 
100*42 

Similarly  the  10  litres  of  water  will  dissolve  10  litres  of  carbonic  acid  gas,  the  total 

volume  of  which  will  be  1 10.  of  which  100  are  in  the  gaseous  state  and  10  are  dissolved. 

Its  pressure  is  therefore  72  x  ^^^  «  65*454  cm. 

Hence  the  total  pressure  when  equilibrium  is  established  is 

0*326  +  65*454  -  65*78  cm. ; 
and  the  volume  of  the  oxygen  dissolved  reduced  to  the  pressure  65*78  is 

o"»*4a  X  °  3       =  o"* '00208,  and  that  of  the  carbonic  acid  10  x     ^  ^^  «■  9*95. 
65-78  6578         ^^^ 

46.  In  a  barometer  which  is  immersed  in  a  deep  bath  the  mercury  stands  743 
mm.  above  the  level  of  the  bath.  The  tube  is  lowered  until  the  barometric  space, 
which  contains  air,  is  reduced  to  one-third,  and  the  mercury  is  then  at  a  height  of  701 
mm.    Required  the  atmospheric  pressure  at  the  time  of  observation.    Ans.  »■  764""">. 

47.  What  is  the  pressure  on  the  piston  of  a  steam  boiler  of  8  decimetres  diameter 
if  the  pressure  in  the  boiler  is  3  atmospheres  ?  Ans.  10385.85  kilos. 

48.  What  is  the  pressure  of  the  atmosphere  at  that  height  at  which  an  ascent  of  21 
metres  corresponds  to  a  diminution  of  !■»■>  in  the  barometric  height?  Ans.  378*9">™. 

49.  What  would  be  the  height  of  the  atmosphere  if  its  density  were  everywhere 
uniform  ?  Ans.  7954'z  metres,  or  nearly  5  miles. 

50.  How  high  must  we  ascend  at  the  sea  level  to  produce  a  depression  of  z  mnu 
in  the  height  of  the  barometer  ? 

Ans.  Taking  mercury  as  10,500  times  as  heaN^y  as  air,  the  height  will  be  10*5  metres. 

51.  Mercury  is  poured  into  a  barometer  tube  so  that  it  contains  15  cc  of  air  under 
the  ordinary  atmospheric  pressure.  The  tube  is  then  inverted  in  a  mercury  bath  and 
the  air  then  occupies  a  space  of  25  cc.  ;  the  mercury  occupying  a  height  of  302  mm. 
What  is  the  pressure  of  the  atmosphere  ? 

Let  jr  be  the  amount  of  this  pressure,  the  air  in  the  upper  part  of  the  tube  will  have 

a  pressure  represented  by  I^,  and  this,  together  with  the  height  of  the  mercurial 
coliunn  302.  will  be  the  pressure  exerted  in  the  interior  of  the  tube  on  the  levd  of  the 
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rcarj  in  tbe  twih,  which  i*  equal  to  the  umoqihcric  pwnre  i  that  b  ^  *  30* 
X,  from  which  »  ~  735  mm. 

aa.  What  effort  is  neceaazj  to  support  »  cylindilcal  bdl-Ju-  full  of  mercvr 
n  mereuiy ;  its  internal  diameter  faeiiif  6  centimetre^  it*  hei^t  <4  abon 
(he  niifBce  of  the  mercuiy  (Sg.  i)  iS  centimetrei,  and  the  pccMore  of  the  attnoqilKn 
077  centimetre? 

TbebeU-jarnipportBon  theoutadeaiKaaiR  equaltothUofacohunuofinerEary 
the  Kction  of  whose  btue  is  cd,  and  the  height  that  of  the  barometer.  Thit  fresnte  i» 
eqoalto 

wIP  N  0*77  X  I3'& 

Tbe  i^eisuie  on  the  insde  i>  that  of  the  aimoqibere  leu  tbe  weigfat  ot  a  cohmra 

of  mercury  whose  baiciici/ and  hdghtej.  TUilieqnalto*  JP*  x  [077  —  018)  x  13-6: 

and  the  effort  necewary  ii  the  difierence  at  thete  Xwa  pret- 

lures.     Making  J?  ••  3  cm.,  thli  li  found  10  be  Gg'ai6  kilo- 


U.  A  barometer  ii  placed  witliin  a  tube  wlilch  U  after- 
wards hermetically  doaed.  At  llie  momcot  of  cloting.  tbe 
tempoatoie  it  iS°  and  the  pteuure  750  mm.  Tbe  ei- 
lenial  apace  is  then  heated  to  yfi.  What  will  be  tbe  beicht 
of  the  barometer  f 

The  effect  of  ibe  InoeMe  of  lemperantre  wonM  be  to 
raise  tile  mercury  in  the  tube  in  the  ratio  i  +    -^°      to  i  * 
SSSo 
nd  the  height  k  would  therefore  be 


5550 


."(■•sS) 


S5iO 
and  since  in  the  closed  space,  the  elastic  force  of  the  ait  increases  in  the  tstio 
I  *  300  :  I    +   T5  ■  we  shall  have  Bnally  A  —  30174  mm. 

M.  The  heights  of  two  barometers  A  and  B  have  been  observed  at  -~  i<P  and 
+  15°,  respectively,  10  be  ^  '•737  arvd  B  m  763.  Required  thrir  corrected  hrights 
ato'.  Am.  A    -   738*33.     B  "  76o'94. 

U.  A  voltaic  current  gives  in  an  hour  S40  cubic  ccnlimelres  of  detonating  gas 
under  a  pressure  of  760  and  at  tbe  temperature  ii°'5  ;  a  second  voltaic  current  gives 
in  llie  same  lime  960  cubic  centimetres  under  a  pressure  of  753  and  at  the  tempeistnre 
I5°'5.  Compare  the  quantities  of  gas  given  by  the  two  currents.  Am.  r  :  t'isi}. 
&6.  Thevolumeofairin  the  pressure  gauge  of  an 
I  apparatusforcompressing  gases  is  equal  to  153  parts. 
1  By  the  working  of  Ihe  machine  ihis  is  reduced  to 
I  7  parts,  and  ihe  mercury  is  raised  through  o'4B 
metre.     What  is  ttie  pressure  of  the  gas  ? 

Here..45-i5a,  .^C-37parts.  and  ^C-o>'4B- 
The  pressure  of  air  therefore  in  AC\i,  from  Boyle's 
law, 

I?  .  4—108  -  3-raa. 
37 
The  pressure  in  tbe  receiver  Is  thfrtfore 

jiaa  +  0*48  -  s^'eoa, 
which  is  equal  to  474  atmospheres. 

37.  An  air-tight  bladder  holding  two  litres  of 
air  at  the  standard  pressure  and  temperature  is 
immersed  in  sea  water  to  a  depth  of  loo  mptrrs 
where  the  temperature  il  40.    Required  the  vohinie 


Air  Pump. 

The  spedfic  i^vily  of  sta  waler  being  1-036.  (he  depth  of  100 
sent  a  eoTumn  of  pure  water  1036  mcires  in  height.    As  the  pressure  of  a 
sphere  is  equal  10  a  pressure  of  10*33  melresot  pure  water,  the  pressure  otlh' 


-  9-94  aim. 
■,  ilie  bladder  is  now  under  a  pressure  of  n 


Hence,  adding  the  atmospheric  pressi 

atmospheres,  and  lis  volume  being  jnveriicly  as  thepressure  will  be  -  ' 
to  9 
il  the  leroperalure  be  luialtered.    But  the  temperature  is  increased  by  . 
the  volutne  is  increased  in  the  ratio  377  10  373,  and  becomes 
^  a77  , 


-  o'i83  litre, 
',  and  therefore 


0-183  X 


>-iB56B  lil 


SS.  Towhal  height  will  waler  be  raised  in  the  tube  of  a  pump  by  Ihclirsl  stroke  of  the 
pislon.lhe  length  of  stroke  of  which  Is  a'5m.,  the  height  ofthe  lube  6  metres,  and  iti  section 
h  that  of  the  piston  t    At  slonitig  the  air  in  the  lube  Is  under  a  pressure  of  la  metres. 

If  we  lalte  the  section  of  the  tube  as  unity,  that  of  the  body  c^  the  pump  is  10:  and 
the  volumes  of  the  tube  and  of  the  body  of  the  pump  are  In  the  ratio  of  6  to  5.  Then 
if  zis  the  height  to  which  (he  water  is  raised  in  the  pipe,  the  volumes  of  air  in  the 
pump  before  and  after  the  worlting  of  the  pump  are  G  at  thepressure  lo,  and  5  *-  6  —  x 
■I  the  pressure  10  —  x. 

Forming  anequationfrom  these  terms,  and  solving,  we  havelWDValues,  x*  ~  tS^aS 
and  ^  t  374.  The  first  of  these  must  be  njected  as  being  physically  impossible ; 
and  the  true  height  is  j;  •  a'75  metres. 

M.  A  receiver  with  a  capacity  of  lo  litres  contains  air  under  the  pressure  76  cm. 
It  is  closed  by  a  valve,  the  section  of  which  is  3a  square  centimetres,  and  is  weighted 
with  35  kilogrammes.  The  temperature  of  the  air  is  30^ ;  its  density  at  0^  and  76  om. 
pressure  is  —  -  th.it  of  waler.    The  coelHcient  of  (he  expan»on  of  gases  is  000366. 


773   _ 

The  air  already  presei 
of  the  atmosphet^.  Let  .i 
admitted.  —  -  3  1*111  represent  in  kilogrammes 
metre  ;  and  therefore  the  internal  pressure  on  the  vi 
lemal  pressure  of  35  Idlogrammes,  Is 

For  the  weight  we  shall  have 

/,  _       'O  "  0001193 


60.  Abell-jarconuins  317  litres  of  all 
ICTO  when  in  contact  with  the  air  (Hg.  3).  I  tie  jar  is 
closed  and  the  machine  worked  ;  the  mercury  rises 
to  65  cm.  A  second  barometer  stand  76  cm. 
during  the  experiment.  Required  the  weight  of  .^i^ 
withdrawn  from  the  bell-jar  and  the  weight  of  lli.n 

At  0^  and  76cm.the  weight  of  air  in  the  bell-jar  ii 

1-193  "  3'7  "  4"0988i. 
At  0°  and  under  the  pressure  76—65  the  weiglu 
of  ttie  residual  air  is 

'■■^^~ -"■='- 

and  therefore  the  weight  of  that  which  is  withdrawn  i^ 
4-098B  -  0-5933  -  3'5056  P- 

61.  The  capacity  of  the  receiver  of  an  air<pump 

TT3 


jnt  as  it  is  under  the  pressure 
of  mercury  of  that  which  is 
pressure  on  a  square  centi- 
and  which  Is  equal  10  the  ci- 


-2?  V  35  k.    From  whicl 


-  57  + 


S7;4^_B-BosS  grammes. 

;  a  pressure  r^iiec  eonm-oicd  with  it 
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is  7*53 ;  it  is  full  of  air  under  the  ordinary  atmospheric  pressure  and  at  o^.  Re- 
quired  the  weight  of  air  when  the  pressure  is  reduced  to  o'2i ;  the  weight  with- 
drawn  by  the  piston  ;  and  the  weight  which  would  be  left  at  15®. 

The  weight  of  7*53  litres  of  air  under  the  ordinary  conditions  is  9736  grammes. 

Under  a  pressure  of  0*21  it  will  be  2*69  grammes,  and  at  the  temperature  15^  it  will 

be    ^^^^ ^  -  0-255  gramme. 

I  +  o'oo3oo  X  i5 

62.  In  a  theoretically  perfect  air-pump,  how  great  is  the  rarefaction  after  10  strokes, 
if  the  volumes  of  the  barrel  and  the  receiver  are  respectively  2  and  3  ? 

Ans.  »  4*59™";  or  about    ^    of  an  atmosphere. 

166 

63.  What  must  be  the  capacity  of  the  barrel  of  an  air-pump  if  the  air  in  a  re- 
ceiver of  4  litres  is  to  be  reduced  to  ^  the  density  in  two  strokes  ?  Ans,  2*9. 

64.  The  reservoir  of  an  air-gun,  the  capacity  of  which  is  40  cubic  inches,  contains 
air  whose  density  is  8  times  that  of  the  mean  atmospheric  pressure.  A  shot  is  fired 
when  the  atmospheric  pressure  is  741  mm .  and  the  gas  which  escapes  occupies  a  volume  of 
80  cubic  inches.  What  is  the  elastic  force  of  the  residual  air?  Ans.  6*05 atmospheres. 

65.  Suppose  that  at  the  limit  of  the  atmosphere  the  pressure  of  the  attenuated 

air  is  the     —  of  a  millimetre  of  mercury  and  the  temperature  —  135°,  and  that  in  a 
1000 

place  at  the  sea  level,  in  latitude  4^,  the  pressure  of  the  atmosphere  is  760™™  and  its 

temperature  15°  C.     Determine  from  these  data  the  height  of  the  atmosphere. 

From  the  formula  18400  ]  i  +  0*002  { 7*  +  /}  [  log      ,  we  get  for  the  height  in  metres 

82237.  which  is  equal  to  51*1  miles. 

66.  If  water  is  continually  flowing  through  an  aperture  of  3  square  inches  \\ith  a 
velocity  of  10  feet,  how  many  cubic  feet  will  flow  out  inanhour?  Arts.  750  cubic  feet. 

67.  With  what  velocity  does  water  issue  from  an  aperture  of  3  square  inches,  if 
37*5  cubic  feet  flow  out  every  minute?  Ans,  30  feet. 

68.  What  is  the  ratio  of  the  pressure  in  the  above  two  cases?  Ans.  1  :  9. 

69.  What  is  the  theoretical  velocity  of  water  from  an  aperture  which  is  9  feet 
below  the  surface  of  water  ?  Ans.  ^  feet. 

70.  In  a  cylinder,  water  stands  2  feet  above  the  aperture  and  is  loaded  by  a  piston 
which  presses  with  a  force  of  6  pounds  on  the  square  inch.  Required  the  velocity  of 
the  effluent  water.  Ans.  32  feet. 

71.  How  deep  must  the  aperture  of  the  longer  leg  of  a  syphon,  which  has  a  sec- 
tion of  4  square  centimetres,  be  below  the  surface  of  the  water  in  order  that  25  litres 
may  flow  out  in  a  minute?  Ans.  5*535  cm. 

72.  Through  a  circular  aperture  having  an  area  of  o'i96  square  cm.  in  the  bottom 
of  a  reservoir  of  water  which  was  kept  at  a  constant  level,  55  cm.  above  the  bottom, 
it  was  found  that  98*5  grammes  of  water  flowed  in  22  seconds.  Required  the  coeffi- 
cient of  efflux. 

Since  the  velocity  of  efflux  through  an  aperture  in  the  bottom  of  a  vessel  is  given  by 

the  formula  v  ■»  /2.^//,  it  will  readily  be  seen  that  the  weight  in  grammes  of  water 
which  flows  in  a  given  time,/,  will  be  given  by  the  formula  tv  s»  a  a  t>/  zgh,  where  a  is 
the  area  in  square  centimetres,  a  the  coefficient  of  efflux,  /  the  time  in  seconds,  and  h 
the  height  in  centimetres.     Hence  in  this  case  a  =  0*699. 

73.  Similarly  through  a  square  aperture,  the  area  of  which  was  almost  exactly  the 
same  as  the  alx)ve,  and  at  the  same  depth,  104*4  grammes  flowed  out  in  21*6  seconds. 
In  this  case  a  ■■  073. 
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74.  A  stone  is  dropped  into  a  well,  and  4  seconds  afterwards  the  report  of  its 
striking  the  water  is  h«utl.  Required  the  depth,  knowing  that  the  temperature  of  the 
air  in  the  pit  was  10P74. 

From  the  formula  v  •  333  >/i  +  at  we  get  for  the  velocity  of  sound  at  the  tem- 
perature in  question  339*05  metres. 

Let  /  be  the  time  which  the  stone  occupies  in  falling ;  then  \  gfl  «  x  will  represent 
the  depth  of  the  well ;  on  the  other  hand,  the  time  occupied  by  the  report  will  be  4  —  /, 
and  the  distance  will  be  (4  -  /)  v  -  x  (i) ;  thus  (4  —  /)  v  »  J^  (ii),  from  which, 
substituting  the  values, 

(4  -  /)  339-5  -  4*9  fi 

i  -  3*793  seconds,  and  substituting  this  value  in  either  of  the  equations  (i)  or  (ii), 
we  have  the  depth  ■■  7a'6  metres  nearly. 

75.  A  bullet  is  fired  from  a  rifle  with  a  velocity  of  414  metres,  and  is  heard  to  strike 
a  target  4  seconds  afterwards.  Required  the  distance  of  the  target  from  the  marks- 
man, the  temperature  being  assumed  to  be  zero. 

-'    +    ""    -  4:  *  -  738-2. 
414       333 

76.  At  what  distance  is  an  observer  from  an  echo  which  repeats  a  sound  after  3 
seconds,  the  temperature  of  the  air  being  loP? 

In  these  3  seconds  the  sound  traverses  a  distance  of  3  x  339  »  1017  metres  ;  this 
distance  is  twice  that  between  the  oDserver  and  the  reflecting  surface ;  hence  the  dis- 
tance is 

5?'7  .  508*5  metres. 

77.  Between  a  flash  of  lightning  and  the  moment  at  which  the  corresponding 
thunder  is  flrst  heard,  the  interval  is  the  same  as  that  between  two  beats  of  the  pulse. 
Knowing  that  the  pulse  makes  80  beats  in  a  minute,  and  assuming  the  temperature 
of  the  air  to  be  15°  C.,  what  is  the  distance  of  the  discharge?       Ans.  454*1  metres. 

78.  A  stone  is  thrown  into  a  well  with  a  velocity  of  12  metres,  and  is  heard  to 
strike  the  water  4  seconds  afterwards.  Required  the  depth  of  the  welL 

Arts,  About  no  metres. 

79.  What  is  the  velocity  of  sound  in  coal  gas  at  oP,  the  density  being  0*5? 

Atu,  470*9  metres. 

•O.  What  must  be  the  temperature  of  air  in  order  that  sound  may  travel  in  it  with 
the  same  velocity  as  in  hydrogen  at  oP  ?  Ans.  About  3680P  C. 

81.  What  must  be  the  temperature  of  air  in  order  that  the  velocity  of  sound  may 
be  the  same  as  in  carbonic  acid  at  o^  ?  Ans,  -^  105^5  C. 

83.  Kendall,  in  a  North  Pole  Expedition,  found  the  velocity  of  sound  at  —40° 
was  314  m.  How  closely  does  this  agree  with  that  calculated  from  the  value  we  have 
assumed  for  o®  ?  Ans.  6*64  metres  too  much. 

83.  The  report  of  a  cannon  is  heard  15  seconds  after  the  flash  is  seen.  Required 
the  distance  of  the  cannon,  the  temperature  of  the  air  being  afl^. 

From  the  formula  for  the  velocity  of  sound  we  have 

'5  ^  333  >/i  ^  0*003665  X  aa  «  5190  metres. 

84.  If  a  bell  is  struck  immediately  at  the  level  of  the  sea.  and  its  sound,  reflected 
from  the  bottoro,  is  heard  3  seconds  after,  what  is  the  depth  of  the  sea  ? 

Ans,  7x40  feet. 
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85.  A  person  stands  150  feet  on  one  side  of  the  line  of  fire  of  a  rifle  nui(B  450  fset 
in  length  and  at  right  angles  to  a  point  150  feet  in  front  of  the  target.    What  is  the 

velocity  of  .he  bulle.  if  the  penon  hear,  it  «HVe  the  U^  J  or  a  «cond  Ut«  U«. 

the  report  of  the  gun?    The  temperature  is  avumed  to  be  16^*5.       ^ir j.  0038  feeL 

86.  An  echo  repeats  five  syllables,  each  of  which  requires  a  quarter  of  a  second  to 
pronounce,  and  half  a  second  elapses  between  the  time  the  last  syllable  is  beard  and 
the  first  syllable  is  repeated.  What  is  the  distance  of  the  echo,  the  temperature  of 
the  air  being  i<P  C.  ?  Ans,  297*47  metres. 

87.  The  note  given  by  a  silver  wire  a  millimetre  in  diameter  and  a  metre  in 
length  being  the  middle  C,  what  is  the  tension  of  the  wire?    Density  of  siher  10-47. 

Ans.  912'tfj  kilogiammes. 

88.  The  density  of  iroo  being  7*8  and  that  of  copper  8'8,  what  must  be  the 
thickness  of  wires  of  these  materials,  of  the  same  length  and  equally  stretched,  so  that 
they  may  give  the  same  note  ? 

From  the  formula  for  the  tmnsverse  vibration  of  strings  vre  have  for  the  number  of 

vibrations  Jt  «  -'     /    -y    As  in  the  present  case,  the  tensions,  the  length  of  the 
rlSf    9  a 

strings,  and  the  number  of  vlbmtions  are  the  same,  we  have 

I      /Z^-JL     /Z;  from  which'     A-1     /'; 

,4   ^  if    _  8-8 
r}'^   d    "^  7-8 

89.  A  \^ire  stretched  by  a  weight  of  13  kilos,  sounds  a  certain  note.  What  roust 
be  the  stretching  weight  to  produce  the  major  third  ? 

The  major  third  having  ^  the  number  of  vibrations  of  the  fundamental  note,  and  as, 

4 
all  other  things  being  the  same,  the  numbers  of  vibrations  are  directly  as  the  square 

roots  of  the  stretching  weight,  we  shall  have  x  »  30*312  kilos. 

90.  The  diameters  of  two  wires  of  the  same  length  and  material  are  0*0015  and 
0*0038  m. ;  and  their  stretching  weights  400  and  1600  grammes  respectively.  Required 
the  ratio  of  the  numbers  of  their  vibrations.  Ans.  n  \  n,  ^^  \  *a66  :  i. 

91.  A  brass  wire  i  metre  in  length  stretched  by  a  weight  of  a  kilogrammes,  and  a 
silver  wire  of  the  same  diameter,  but  3*165  metres  in  length,  give  the  same  number  of 
vibrations.     What  is  the  stretching  weight  in  the  latter  case  ? 

Since  the  number  of  vibrations  is  equal,  we  shall  have 


whence  — ^  =»     .    "     ^;  hence       -      /^_r  «  1062. 

r,        V   7*8 


rill/  nd        rls/  id; 


from  which,  replacing  the  numbers,  we  get  jr  ■«  25  kilos. 

92.  A  brass  and  a  silver  wire  of  the  same  diameter  are  stretched  by  the  weights  of  a 
and  25  kilogrammes  respectively,  and  produce  the  same  note.  What  are  their  lengths, 
knowing  that  the  density  of  brass  is  8*39,  and  of  silver  10*47? 

Ans.  The  length  of  the  silver  wire  is  3*16  times  that  of  the  brass. 

93.  A  copper  wire  1*25  mm.  in  diameter  and  a  platinum  one  of  0*75  mm.  are 
stretched  by  equal  weights.  What  is  the  ratio  of  their  lengths,  if,  when  the  copper 
wire  gives  the  note  C  the  platinum  gives  F  on  the  diatonic  scale? 

Ans.  The  length  of  the  copper  is  to  the  length  of  the  platinum  «   i  *264  :  i. 

94.  An  organ  pipe  gives  the  note  C  at  a  temperature  o^ ;  at  what  temperature 
will  it  yield  the  major  third  of  this  note?  Ans.  153**  C. 

95.  A  brass  wire  a  metre  in  length,  and  stretched  by  a  weight  of  a  Idlogramme, 
yields  the  same  note  as  a  silver  wire  of  the  same  diameter  but  2*5  metres  in  length  and 
stretched  by  a  weight  of  7-5  kilogrammes.    Required  the  specific  gravity  of  the  silver. 

Ans,  io'o68. 

96.  How  many  beats  are  produced  in  a  second  by  two  notes,  whose  rates  of  vibrs- 
tion  are  respectively  3^  and  '^^'^  Ans.  14. 


:  inlenal 
le  bulbs  ii  7>°>°'j  and  □(  its  lube  35  ;  the  bulb  or  llie  othrr  is 
6-a  in  diamoler  and  i[s  lube  I'S.  What  is  ihc  ratio  of  Ihe  length  of  a  degree  of  Ihe 
first  Ihenaomcler  to  a  degree  of  tin.-  second? 

Lei  A  and  B  be  the  two  Ihermomeicrs.  D  and  ZJ  the  diaraeiers  of  the  bulbs,  and 
</  and  if  Ihe  diameters  of  the  lubes.  Lei  us  itnagine  a  third  Ibermotneter  C  with  the 
same  bulb  us  B  and  the  same  tube  as  j1,  and  let  /.  f,  and  I"  denote  the  length  of  a 
degree  in  each  of  ihe  thermometers  respectively.  Since  the  stems  ol  A  and  C 
have  the  equal  diameters,  the  lengths  /  and  /'  are  directly  as   Ihe  volumes  of  the 

engths  r  and  r  are  inversely  prqportlonale  lo  the  sections  of 


have 


Centigrade  and  Fahrenheit  thenoonielers  llie  same  ? 
Am.  -  40°. 

90.  The  same  question  for  the  Fahrenheit  and 
R&iumur  scales.  Ahs.  —  as'6. 

100.  A  capillary  lube  is  divided  into  180  ports 
Of  equal  capacity.  35  of  which  weigh  I'a  gramme. 
What  must  be  the  radius  of  a  spherical  bulb  10  be 
blown  to  it  so  that  iSo  divisions  comapond  lo  150 
dqjrees  Centigrade  ? 

Since  35  divisions  of  the  lube  contain  I's 
tramme,  180  divisions  contain  }  '  '  '        „   S'64.  I'lg.  4. 

And  since  these  iBo  divisions  are  to  represent  150  degrees,  the  weigh!  of  mercut 
corresponding  to  a  single  degree  is  -^.  But  as  the  expanson  corresponding  t 
one  dc^!ree  isonly  the npparenlexpan^on  of  mercurjrln  glass,  the  weight  ^  is  - 
reservoir,  which  is  t  w^.   From  this  J?  —  1 '8755  centimetre. 


I 


of  Ihe  mercury 
101.  By  bo 


103.  WI,al  musi  be  the  length  of  a  wire  o 
1°  expands  by  one  foot  ? 

103.  A  pendulum  consists  of  a  platinum  n 
rests  a  spherical  linc  bob.  The  length  of  the  | 
diameter  of  the  bob.  so  that  its  centre  is  alway< 


n  iron  wheel,  whose  diameter  is  6  feel, 
iegrees?    Coefficient  of  expansion  of 
All,  By  o'oga  foot. 
this  metal  which  for  a  temperature  of 

Wni.  8,967  feet. 
d,  on  a  flattening  at  the  end  of  which 
talinum  is  /  al  0°.    What  must  be  ibe 
at  the  same  distance  from  the  point  of 


I 


I   of    plj 


ic  length  of 
e  30  feel  apart, 
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tion  of  an  iron  bar.    By  bow  mucb  must  its  temperature  be  raised  above  tbat  of  the  air, 
whicb  is  taken  at  o°?  Ans,  532®. 

105.  An  iron  wire  4  sq.  mm.  in  cross  section  is  stretched of  its  lensth  by  a 

Sxaoo 

weight  of  I  kilogramme.    What  weight  must  be  applied  to  a  bnr  9  sq.  mm.  in  cross 
section,  when  it  is  heated  from  0°  to  ao°,  in  order  to  prevent  it  from  expanding  ? 

Ans.  44*5  kilo. 

106.  At  the  temperature  zero  a  solid  is  immersed  0*975  of  its  total  volume  in 
alcohol.  At  the  temperature  25°  the  solid  is  wholly  immersed.  The  coefficient  of 
expansion  of  the  solid  being  o'oooo26,  required  the  coefficient  of  expansion  of  the 
alcohol.  Ans.  0*001052. 

107.  Into  a  glass  globe,  the  capacity  of  which  at  o^  is  250  cc.,  are  introduced 
25  cc.  of  air  measured  at  o^  and  76  cm.    The  flask  being  closed  and  ideated  to  100^, 

required  the  internal  pressure.    Coefficient  of  cubical  expansion  of  glass  —  ^ — . 

I  +  -^^-  I  ;  again  at  100°  the  volume  of 
38700/ 

the  free  air  under  the  pressure  76  is  25  (i  •!•  100  x  0*00366).    But  its  real  volume  is 
250  X  ^  under  a  pressure  x.    Hence 

76   :  jr  «  250  X  ^       :  25  X  1*366,  from  which  x  «  10*3548  cm. 

387 

108.  The  specific  gravity  of  mercury  at  0°  being  13*6,  required  the  volume  of  3 

kilogrammes  at  85°.    Coefficient  of  expansion    ^   . 

5550 

The  volume  at  o<^  will  be    ^^    and  at  85<' -3°^    x  ^i  +  ^^   ^  «  2*230  litres. 

13*6  136    V      5550/ 

109.  A  hollow  copper  sphere  20  cm.  in  diameter  is  filled  with  air  at  0°  under  a 
pressure  of  i^  atmosphere  ;  what  is  the  total  pressure  on  the  interior  surface  when  the 
enclosed  air  is  heated  to  a  temperature  of  600®?  Ans.  6226*5  kilogrammes. 

110.  Between  the  lipiits  of  pressure  700  to  780mm.  the  boiling  point  of  water  varies 
o^'oyjS  ^'  for  each  mm.  of  pressure.  Between  what  limits  of  temperature  does  the 
tK>iling  point  vary,  when  the  height  of  the  barometer  is- between  735  and  755  mm.  ? 

Ans.  Between  99° '0625  and  99^*8125. 

111.  Liquid  phosphorus  cooled  down  to  30®,  is  made  to  solidify  at  this  tempera- 
ture. Required  to  know  if  the  solidification  will  be  complete,  and  if  not,  what  weight 
will  remain  melted  ?  The  melting  point  of  phosphorus  is  44*2  ;  its  latent  heat  of  fusion 
5*4,  and  its  specific  heat  o'2. 

Let  X  be  the  weight  of  phosphorus  which  solidifies ;  in  so  doing  it  will  give  out  a 
quantity  of  heat  =■  5*4  x  ;  this  is  expended  in  raising  the  whole  weight  of  the  phos- 
phorus from  30  to  44*2.     Hence  we  have  5*4  x  ■■   i  x  (44*2  —  30)  0*2,  from  which 

2'8j. 
X  m        ^  as  0*526,  SO  that  0*474  of  phosphorus  will  remain  liquid. 

5 '4 

112.  A  pound  of  ice  at  o^  is  placed  in  two  pounds  of  water  at  o®  ;  required  the 
weight  of  steam  at  ioo°  which  will  melt  the  ice  and  raise  the  temperature  of  the  mix- 
ture to  30°.  The  latent  heat  of  the  liquefaction  of  ice  is  79*2,  and  that  of  the  \*aporisa- 
tion  of  water  536.  Ans.   '279  pound. 

113.  65*5  grammes  of  ice  at  —  20®  having  been  placed  in  x  grammes  of  oil  of 
turpentine  at  3*3°,  the  final  temperature  is  found  to  be  yi^.  The  specific  heat  of 
turpentine  is  04,  and  it  is  contained  in  a  vessel  weighing  25  grammes,  whose  specific 
heat  is  01.     The  specific  heat  of  ice  is  0*5.     Required  the  value  of  x. 

Ans.  X  «  382*0  grammes. 

114.  In  what  proportion  must  A%'ater  at  a  temperature  of  30®  and  linseed  oil 
(sp.  heat  =  0*5)  at  a  temperature  of  50°  be  mixed  so  that  there  are  20  kilogrammes  of 
the  mixture  at  40^?  Ans.  Water  »  6*66  kilos,  and  linseed  oil  a  13-34. 
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115.  By  how  much  will  mercury  at  oP  be  raised  by  an  equal  volume  of  water  at 
lOo**?  /*«j.  680-9C. 

116.  The  specific  heat  of  gold  being  0*03244,  what  weight  of  it  at  45^  will  raise  a 
kilogramme  of  water  from  12^*3  to  15**  7? 

Let  X  be  the  weight  sought ;  then  x  kilogrammes  of  gold  in  sinking  from  45^  to 
I5®7  will  give  out  a  quantity  of  heat  represented  by  x  (45®  —  15^7)0*0324,  and  this  is 
equal  to  the  heat  gained  by  the  water,  that  is  to  i  (157  —  12*3)  ■■  3*4f  that  is  jt  »  3 '58, 

117.  The  specific  heat  of  sulphide  of  copper  is  0*1212,  and  that  of  sulphide  of  silver 
0*0746.  5  kilos,  of  a  mixture  of  these  two  bodies  at  40^,  when  immersed  in  6  kilos,  of 
water  at  7*669  degrees,  raises  its  temperature  to  loP.  How  much  of  each  sulphuret  did 
the  mixture  contain  ? 

The  weight  of  the  copper  sulphuret  ^  2,  and  that  of  the  silver  sulphuret  3. 

118.  Into  a  mass  of  water  at  oP,  100  grammes  of  ice  at  —  12^  are  introduced  ;  a 
weight  of  7*2  grammes  of  water  at  o®  freezes  about  the  lump  immersed,  while  its 
temperature  rises  to  zero.  Required  the  specific  heat  of  ice.  Latent  heat  of  water 
79*2.  Ans.  0*4752. 

119.  Four  pounds  of  copper  filings  at  130^  are  placed  in  20  pounds  of  water  at  20^, 
the  temperature  of  which  is  thereby  raised  2  degrees.  What  is  the  specific  heat,  c,  of 
copper?  Ans,  c  k  0*0926. 

120.  Two  pieces  of  metal  weighing  300  and  350  grammes,  heated  to  a  temperature 
JT,  have  been  immersed,  the  former  in  940*8  grammes  of  water  at  10®,  and  the  latter  in 
546  grammes  at  the  same  temperature.  The  temperature  in  the  first  case  rises  to  20®, 
and  in  the  second  to  30^.  Required  the  original  temperature  and  the  specific  heat  of 
the  metal.  Ans,  x  the  temperature  v  1980P;  c  the  specific  heat  «  '1038. 

121.  In  what  proportions  must  a  kilogramme  of  water  at  50P  be  divided  in  order  that 
the  heat  which  one  portion  gives  out  in  cooling  to  ice  at  zero  may  be  sufficient  to  change 
the  other  into  steam  at  looO  ?  Ans.  x  ^  0*830. 

132.  Three  mixtures  are  formed  by  mixing  two  and  two  together,  equal  quantities 
of  ice.  salt,  and  water  at  o^.  Which  of  these  mixtures  will  have  the  highest  and  which 
the  lowest  temperature  ?  Ans.  The  mixture  of  ice  and  salt  will  produce  the  lowest 
temperature,  while  that  of  ice  and  water  will  produce  no  lowering  of  temperature. 

123.  In  25*45  kilogrammes  of  water  at  12^*5  are  placed  6*17  kilos,  of  a  body  at  a 
temperature  of  80® ;  themixture  acquires  the  temperature ■i4<^*i.  Required  the  specific 
heat  of  the  body. 

If  c  is  the  specific  heat  required,  then  mc\f  ^  V)  represents  the  heat  lost  by  the  body 
in  cooling  from  80P  to  14®*!  *,  and  that  absorbed  by  the  water  in  rising  from  i2®*5  to 
140*1  is  m'  (»  —  /).    These  two  values  are  equal.    Substituting  the  numbers,  we  have 

C    K    O'XOII. 

124.  Equal  lengths  of  the  same  thin  wire  traversed  by  the  same  electrical  current  are 
placed  respectively  in  i  kilogramme  of  water  and  in  3  kilogrammes  of  mercury.  The 
water  is  raised  loP  in  temperattire,  by  how  much  will  the  mercury  be  raised  ? 

Ans.  ioo®*o4. 

126.  How  many  cubic  feet  of  air  under  constant  pressure  are  heated  through  z<^  C. 
by  one  thermal  unit  ?  Ans,  5105  cubic  feet. 

126.  Given  two  pieces  of  metal,  one  x  weighing  2  kilos,  heated  to  8o<^,  and  the  other 
y  weighing  3  kilos,  and  at  the  temperature  50P.  To  determine  their  specific  heats 
they  are  immersed  in  a  kilogramme  of  water  at  10^,  which  is  thereby  raised  to  26^*3. 

The  experiment  is  repeated,  the  two  metals  being  at  the  temperature  loo^  and  40^ 
respectively,  and,  as  before,  they  are  placed  in  a  kilogramme  of  water  at  lo^,  which 
this  time  is  raised  to  28^*4.    Required  the  specific  heats  of  the  two  metals. 

Ans,  X  -  0-115 ;  y  -  0*0555. 

127.  For  high  temperatures  the  specific  heat  of  iron  is  0*1053  "^  0*000071  /.  What 
is  the  temperature  of  a  red-hot  iron  ball  weighing  a  kilogramme,  which,  plunged  in  z6 
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kilogxammes  of  water,  raises  iu  temperature  from  xflP  to  a^P?    What  was  the  tonpe- 
ratuieof  the  iron? 

(o*ios3  +  0*000017/)  (/  —  24)  ■  16  (24  —  zs), 
or  '000017  fi  +  'Z048892  /  —  3*5273  m  Z93 ; 

transposing  and  dividing  by  the  coefficient  of  /*,  vre  get 

fi  +  6170  /  •  ZZ442776, 

fi  +  6170  /  ■»■  (3085)'  •■  90960001 ; 

hence  /  +  3085  ■■  4578*3  nearly ;    .*.  /  »  M93*3- 

128.  A  kilogramme  of  the  vapour  of  alcohol  at  80P  passes  through  a  coppa  worm 
placed  in  io'8  kilogrammes  of  water  at  laP,  the  temperature  of  whidi  is  thadbj  raised 
to  36^.  The  copper  worm  and  copper  vessel  in  which  the  water  is  confainrd  weigh 
together  3  kilogrammes.    Required  the  latent  heat  of  alcohol  viqxiur.    Ams,  23877. 

129.  Determine  the  temperature  of  combustion  of  charcoal  in  burning  to  fonn  car- 
bonic acid. 

We  know  from  chemistry  that  one  part  by  weight  of  carbon  in  boming  unites 
with  2§  parts  by  weight  of  oxygen  to  fonn  3!  parts  by  weight  of  carbonic  add. 
Again  the  number  of  thermal  units  produced  by  the  combustion  of  a  pound  of  chaicoal 
is  8080 ;  the  whole  of  this  heat  is  contained  in  the  3I  parts  of  carbonic  acid  produced, 
and  if  its  specific  heat  were  the  same  as  that  of  water,  its  temperature  wookl  be 

. IB  2204^  C. ;  but  since  the  specific  heat  of  carbonic  add  is  0*2x63  that  of  an  equal 

3§ 

weight  of  water,  the  temperature  will  be  — .^^    ■■  10189P  C. 

130.  A  glass  globe  measuring  60  cubic  centimetres  is  found  to  weigh  19*515 
grammes  when  filled  with  air  under  a  pressure  of  752  •3'»"  and  at  a  temperature  of  xo®  C. 
Some  ether  is  introduced  and  vaporised  at  a  temperature  of  60^,  whereupon  the  flask 
is  sealed  while  quite  full  of  vapour,  the  pressure  being  753*4"*".  Its  weight  is  now 
found  to  be  19*6786  grammes.  Required  the  density  of  the  ether  vapour  compared 
with  that  of  hydrogen.  A/u,  54*4. 

131.  Calculate  the  density  of  alcohol  vapour  as  compared  with  air  by  Gay-Lussac's 
method  from  the  following  data : — 

Weight  of  alcohol  0*1047  grm. ;  vol.  of  vapour  at  iio^  €.«■  82*55  <^c.  ;  height  of 
mercur>*  above  the  level  in  the  bath,  98  mm.  ;  barometric  height,  752*3  mm.  ;  tempera- 
ture of  the  room,  15°  C.  Ams.  x*6. 

132.  In  a  determination  of  the  vapour  density  by  Gay-Lussac's  method,  0*1163 
gramme  of  substance  was  employed.  The  voliuue  observed  was  50*79  cc,  the  height 
of  the  mercury  above  the  level  of  that  in  the  bath  was  80  "o"™,  the  height  of  the  oil 
column  reduced  to  millimetres  of  mercury  16*9 ;  the  temperature  21^  C.  and  the 
height  of  the  barometer  at  the  time  of  observation  755*5™".  Required  the  specific 
gravity  of  the  vapour  as  compared  with  that  of  hydrogen.  Ams,  50*1. 

133.  Through  a  U-tube  containing  pumice  saturated  with  sulphuric  add  a  cubic 
metre  of  air  at  15°  is  passed,  and  the  tube  is  found  to  weigh  3*95  granunes  more. 
Required  the  hygrometric  state  of  the  air. 

The  pressure  of  aqueous  vapour  at  15°  is  12*699;  hence  the  weight  of  a  cubic 
metre  of  aqueous  vapour  saturated  at  15°  is  _i^3_^  ^^  699  x  j  ^   12*79  grammes, 

and  the  hygrometric  state  is  -^-^    -«  0*309. 

134.  The  quantity  of  water  given  out  by  the  lungs  and  skin  may  be  taken  at 
30  ounces  in  24  hours.  How  many  cubic  inches  of  air  already  half  saturated  at  10®  will 
be  fully  saturated  by  the  moisture  exhaled  from  the  above  two  sources  by  one  man? 
Tension  of  aqueous  vapour  in  inches ■*o'532.    Pressure  of  the  atmosphere  m  30  inches. 

Ans,  328782*5  c.i.  Bs  a  cube  5*752  feet  in  the  side. 
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135.  A  man  o(  air  exlending  aver  an  area  o[  60,000  square  tnelRi  to  a  height  of 
300  melres  has  ihe  dew  point  at  15°.  its  lerapetntiire  being  30°.  How  much  rain  will 
(all  if  Ihe  lempeialure  sinks  la  ii^? 

The  weight  of  vapour  condensed  from  one  cubic  meire  under  these  circumslances 
will  be  3'i435  grammes,  and  therefore  finm  iS.000,000  cubic  metres  it  will  be  56,583 
kitogrammes.  which  \%  equal  lo  a  rainfall  00943  """'  '"  depth. 

136.  When  3  cubic  metres  of  air  at  10°  and  5  cubic  melres  at  r8°,  each  saturated 
with  aqueous  vapour  al  those  temperaiurei,  are  miied  logelher.  is  any  water  pr<3d|H- 
Ulcd  ?   And  if  so.  bow  much  ? 

The  weight  of  water  contained  in  the  two  masses  under  the  given  condilionl  are 
respcctiveljaS'iBaad 76-59  grammes  :the  weight  required  to  saturate  Ihe  mixture  at  the 
temperalDieof  15°  is  toa-39  grammes,  and  therefore  a'jS  grammes  will  be  precfptBted. 

137.  The  temperature  of  Ihe  air  at  sunsei  being  xtP,  what  must  be  the  lowest  hygro- 
metric  stale,  in  order  that  dew  may  be  deposited,  it  being  assumed  that  in  conse- 
quence of  nocturnal  radiation  Ihe  temperature  of  the  groundis  7°  below  that  of  ihe  air? 

Am.  The  hygromeliic  stale  must  be  al  least  0608  of  total  sattiration, 
133.  It  is  stated  as  a  praclical  rule  that  when  the  tension  bf  aqueous  vapour  present 
in  the  aunosphere,  as  indicated  by  the  dew  point,  is  equal  lo  x  nmi.  of  mercury,  the 
weight  of  water  present  in  a  cubic  metre  of  that  air  is  x  grammes.     What  is  the  emir 
in  this  statement  for  a  pressure  of  10  mm.  and  the  lemperalure  15°  C? 

139.  A  raindrop  falls  lo  the  ground  from  a  height  of  a  mile  ;  by  bow  much  would 
its  lemperalure  br  rnised.  assuming  thai  it  imports  no  heal  to  Ihe  air  or  lo  Ihe 
grouiKl?  Am.  g^'H  C. 

140.  A  lead  bullet  lalls  through  a  height  of  10  metres  ;  by  what  amount  will  its 
temperature  have  been  raised  when  ii  reaches  the  ground,  if  aQ  the  heat  is  expended  m 
raising  Ihe  lemperalure  of  the  bullet  ?  Ans.  0-7515°  C. 

141.  From  what  height  must  a  lead  bullet  fall  In  order  Ihal  its  lemperalure  mny 
beraisedBdegreesP— and  what  velocity  willil  have  acquired?  ll  is  assumed  that  all  the 
heal  is  expended  in  railing  the  lemperalure  of  the  biillel,  the  specific  heat  of  lead  is 
taken  al  0*0314,  and  Joule's  equivalent  in  metres  at  414.  _ 

Am.  13-31  K  ■  melres ;  v  —  aB'8  Vb. 

149.  How  much  beat  is  disengaged  if  a  bullet  weighing  5a  grammes  and  having 
a  vetodty  of  50  metres  strikes  a  target  ? 

Am.  Sufficient  lo  raise  one  gramme  of  water  through  15°  C. 

143.  How  much  heat  it  produced  in  the  room  of  a  manufactory  in  which  1 -a  horse- 
power of  the  motor  is  consumed  each  second  in  overcoming  the  resistance  of  friction  f 

Ans.  A  quantity  sufficient  10  raise  41024  pounds  of  water  one  degree  Centigrajie. 

1*4.  What  is  the  ratio  beiween  the  quantities  of  heat  which  are  respectively  pro- 
duced, when  n  bullet  weighing  50  grammes  and  having  a  velocily  of  500  metres, 
and  a  cannon-ball  weighing  40  kilogrammes  with  u  velocity  of  400  melres.  strike  a 
target?  Am.  1  :  513. 

143.  The  specific  heat  of  lead  is  0-031,  and  iis  lalcnt  heat  5-37,  What  is  the 
mecbanlcitl  equivalent  of  Ihe  heal  necessary  10  raise  5  pounds  of  lead  from  a  tempera- 
ture of  270°  C  to  its  melling-poini  335°  C,,'and  then  10  melt  it? 


n  a  Iheorcdcol  useful  eflecl  of  J  P 
Am.  i6o-s°C. 

147.  Assuming  thai  in  a  perfect  engine  heat  Is  taken  in  nt  a  lemperalure  of  144° 
and  is  given  out  al  a  teniperaturo  of  36°  :  what  is  the  greatest  theoretical  useful  effect? 


I 
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VI.   LIGHT. 

148.  How  many  candles  are  required  to  produce  at  a  distance  of  2*5  metres,  the 
same  illuminating  effect  as  one  candle  at  a  distance  of  0*45  m.  ?  Ans.  31. 

149.  Two  sources  of  light  whose  intensities  are  as  i  :  2  are  two  metres  apart.  At 
what  position  is  a  space  between  them  equally  illuminated  ? 

Ans.  o'828  metre  from  the  less  intense  light. 

150.  A  candle  sends  its  rays  vertically  against  a  plane  surface.  When  the  candle  is 
removed  to  thrice  the  distance  and  the  surface  makes  an  angle  of  6<^  with  the  original 

position,  what  is  the  ratio  of  the  illuminations  in  the  two  cases?  Ans,  i  :  -i. 

Xo 

151.  An  observer,  whose  eye  is  6  feet  above  the  ground,  stands  at  a  distance  of  18 
feet  from  the  near  edge  of  a  still  pond,  and  sees  there  the  image  of  the  top  of  a  tree, 
the  base  of  which  is  at  a  distance  of  100  yards  from  the  place  at  w^hich  the  image  is 
formed.     Required  the  height  of  the  tree.  Ans.  100  feet. 

152.  What  is  the  height  of  a  tower  which  casts  a  shadow  56*4  m.  in  length  when  a 
vertical  rod  0*95  m.  in  height  produces  a  shadow  1*38  m.  in  length?  Ans.  38*8. 

153.  A  minute  hole  is  made  in  the  shutter  of  a  dark  room,  and  at  a  distance  of 
2*5  metres  a  screen  is  held.  What  is  the  size  of  the  image  of  a  tree  which  is  15*3 
metres  high  and  is  at  a  distance  of  40  metres?  Ans.  0*95625  metre. 

154.  VV'hat  is  the  length  of  the  shadow  of  a  tree  50  feet  high  when  the  sun  is  30° 
above  the  horizon  ?  What  when  it  is  45°,  and  60°?    Ans.  86*6  ;  50,  and  28*867  feet. 

155.  Under  what  visual  angle  does  a  line  of  30  feet  appear  at  a  distance  of  18  feet  ? 

Ans.  79° '36. 

156.  The  apparent  diameter  of  the  moon  amounts  to  31'  3".  What  is  its  real  dia- 
meter if  its  distance  from  the  earth  is  taken  at  239000  geographical  miles  ? 

Ans.  2166  geographical  miles. 

157.  For  an  ordinary  eye  an  object  is  visible  with  a  moderate  illumination  and  pure 
air  under  a  visual  angle  of  40  seconds.  At  wliat  distance,  therefore,  can  a  black  circle 
(6  inches  in  diameter)  be  seen  on  a  white  ground  ?  Ans.  2578  feet. 

158.  At  what  distance  from  a  circle  with  a  diameter  oi  one  tool  is  the  visual  angle  a 
second?  Ans.  206265  feet. 

159.  At  what  distance  would  a  circular  disc  i  inch  in  diameter,  of  the  same  bright- 
ness as  the  sun's  surface,  illuminate  a  given  object  to  the  same  extent  as  a  vertical  sun 
in  the  tropics,  the  light  absorbed  by  the  air  being  neglected  ? 

Ans.  Taking  the  sun's  angular  diameter  at  30',  jr  m  38  inches. 

160.  What  is  the  minimum  deviation  for  a  glass  prism  («  =  1*53).  whose  refracting 
angle  is  60°  ?  Ans.  39°  50'. 

161.  What  is  the  minimum  deviation  for  a  prism  of  the  same  substance  when  the 
refracting  angle  is  45°  ?  Ans.  63®  38'. 

162.  The  refracting  angle  of  a  prism  of  silicate  of  lead  has  been  found  by  measure- 
ment to  be  2i°'i2,  and  the  minimum  deviation  to  be  24°*46.  Required  the  refractive 
index  of  the  substance.  Ans.  2*122. 

163.  C.'onstruct  the  path  of  a  ray  which  falls  on  an  equiangular  crown-glass  prism 
at  an  angle  of  yp  ;  and  find  its  deviation.  Ans.  70°"45. 

164.  What  are  the  angles  of  refraction  upon  a  ray  which  passes  from  air  into  glass 
at  an  angle  of  40*^  ;  from  air  into  water  at  an  angle  of  65^ ;  and  from  air  into  diamond 
at  an  angle  of  80°?  Ans.  25*^*20  ;  44° '5  ;  230*12. 

165.  The  focal  distance  of  a  concave  mirror  is  8  metres.  WTiat  is  the  distance  of 
the  image  from  the  mirror  when  the  objeot  is  at  a  distance  of  12,  5,  and  7  metres 
respectively?  Ans.  24  ;  —  13*3  and  —  56. 
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166.  An  object  at  a  distance  of  zo  feet  produces  a  distinct  image  at  a  distance  of  3 
feet.    What  is  the  focal  distance  of  the  mirror?  Ans.  2*3077  feet. 

167.  Required  the  focal  distance  of  a  crown-glass  meniscus,  the  radius  of  curvature 
of  the  concave  face  being  45  mm.,  and  that  of  the  convex  face  30  mm. ;  the  index  of 
refraction  being  1*5.  Ans.  f  s  180  mm. 

168.  What  is  the  principal  focal  distance  of  a  double-convex  lens  of  diamond,  the 
radius  of  curvature  of  each  of  whose  faces  is  4  mm.,  and  the  refractive  index  of  dia- 
mond 2*487?  Ans,  1*34  mm. 

169.  A  watch-glass  with  ground  edges,  the  curvature  of  which  was  4*5  cm.,  was 
filled  with  water  and  a  glass  plate  slid  over  it.  The  focus  of  the  plano-convex  lens 
thus  formed  was  found  to  be  13*5  cm.     Required  the  refractive  index  of  the  water. 

Ans,  n  ■■  1*33. 

170.  What  is  the  focal  distance  of  a  double-convex  lens  when  the  distances  of  the 
image  and  object  are  respectively  5  and  36  centimetres?  Ans.  4*4  centimetres. 

171.  The  radii  of  curvature  of  a  double-convex  lens  of  crown  glass  are  six  and 
eight  inches.    What  is  the  focal  distance  ?  ^ni.  6*85  inches. 

172.  The  focal  distance  of  a  double-convex  lens  is  4  inches  ;  the  radius  of  cur- 
vature of  one  of  its  faces  is  3  inches.    What  is  that  of  the  second?  Ans.  6  inches. 

173.  The  radius  of  curvature  of  a  plano-convex  lens  is  12  inches.  Required  its 
focal  distance.  Ans.  24  inches. 

174.  If  the  focal  distance  of  a  double-convex  lens  is  i  centimetre,  at  what  distance 
must  a  luminous .  object  be  placed  so  that  its  image  is  formed  at  2  centimetres  dis- 
tance from  the  lens  ?  Ans,  o.  centimetres. 

175.  A  candle  at  a  distance  of  120  centimetres  from  a  lens  forms  an  image  on  the 
other  side  of  the  lens  at  a  distance  of  200  feet.  Required  the  nature  of  the  lens  and 
its  focal  distance.  Ans,  It  is  a  convex  lens,  and  its  focal  distance  is  75  cm. 

176.  A  plano-convex  lens  was  found  to  produce  at  a  distance  of  62  cm.  a  sharp 
image  of  an  infinitely  distant  object.  In  front  of  the  same  lens,  at  a  distance  of  84  cm., 
a  millimetre  scale  was  placed,  and  a  sharp  image  was  formed  at  a  distance  of  250  cm. 
It  was  thus  found  that  10  millimetres  in  the  object  corresponded  to  29  in  the  image. 
From  these  observations  determine  the  focal  distance  of  the  lens.  Ans.  The  mean 
of  the  results  is  62*4. 

177.  The  image  of  a  distant  tree  was  sharply  formed  at  a  distance  of  31  cm.  from 
the  centre  of  a  concave  mirror. 

In  another  case  the  image  of  an  object  18  mm.  in  length  at  a  distance  of  405  mm. 
from  the  mirror  was  formed  at  1350  mm.  from  the  mirror  and  had  a  length  of  61  mm. 
In  another  experiment  the  distances  of  object  and  image  and  the  size  of  the  image  were 
respectively  2200,  355.  and  5  mm. 

Deduce  from  these  several  data  the  focal  distance  of  the  mirror.    Ans.  31*2  ;  30*5. 

178.  What  must  be  the  radii  of  curvature  of  the  faces  of  a  lens  of  best  form  made 
of  glass  (ff  « I  '5)  if  its  focal  distance  is  to  be  6  inches  ?    Ans.  3*5  inches  and  21  inches. 

179.  A  diffraction  grating,  with  lines  0*05  mm.  apart,  is  held  in  front  of  a  Bunsen's 
burner  in  which  common  salt  is  volatilised,  and  when  viewed  through  a  telescope  it  is 
found  that  the  angular  distances  of  the  first,  second,  fourth,  and  sixth  bright  bands  from 
the  central  one  are  respectively  0°  41',  1°  21',  2°  42',  and  4°  3'.  Required  the  wave- 
length of  sodium  light. 

The  formula  X  ■■  z.^.-'   where  X  is  the  wave-length,  ♦  the  angular  distance  of 

n      * 

any  bright  line  of  order  n  from  the  central  one,  gives  as  the  mean  of  the  4  observa- 
tions :  Ans.  0*00059088  mm. 
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VII.    MAGNETISM  AND  FRICTIONAL  ELECTRICITY. 

180.  A  compass  needle  at  the  magnetic  equator  makes  15  oscillations  in  a  minute ; 
how  many  will  it  make  in  a  place  where  the  horizontal  force  of  the  earth's  magnetism  is 

^  as  great?  Ans.  12. 

181.  A  compass  needle  makes  9  oscillations  a  minute  under  the  influence  of  the 
earth's  magnetism  alone ;  how  many  will  it  make  when  re-magnetised  so  as  to  be 
half  as  strong  again  as  before?  Ans.  11. 

182.  A  small  magnetic  needle  makes  100  oscillations  in  7  min.  42  sees,  under  the 
influence  of  the  earth's  force  only ;  when  the  south  pole  of  a  long  bar  magnet  A  is 
placed  10  inches  north  of  it,  it  makes  100  oscillations  in  4  min.  3  sees. ;  and  with  the 
south  pole  of  another  magnet  B  in  the  same  place,  it  makes  100  oscillations  in  4  min. 
48  sees.    What  are  the  relative  strengths  of  the  magnets  A  and  B  ? 

Ans,  A  B  1*404  B. 

183.  On  a  table  where  the  earth's  magnetism  is  counteracted,  the  north  pole  of  a 
compass  needle  makes  20  oscillations  in  a  minute  under  the  attraction  of  a  south  pole 
4  inches  distant ;  how  many  will  it  make  when  the  south  pole  is  3  inches  distant? 

Ans.  26*6. 

184.  If  the  oscillating  magnet  be  re-magnetised  so  as  to  be  twice  as  strong  as 
before,  how  many  oscillations  in  a  minute  will  it  make  in  the  two  positions  respectively  ? 

Ans.  28'28  and  50*27. 

185.  At  one  end  of  a  light  glass  thread,  carefully  balanced  so  as  to  oscillate  in  a 
vertical  plane,  is  a  pith  ball.  Over  this  and  in  contact  with  it  is  a  fixed  pith  ball  of  the 
same  dimensions.  Both  balls  being  charged  with  the  same  electricity  it  is  found  that 
to  keep  them  1*4  inch  apart,  a  weight  of  '9  mgr.  must  be  placed  at  the  free  end  of  the 
glass  thread.     What  weight  must  be  placed  there  to  keep  the  balls  i'05  inch  apart  ? 

Ans.  I  '6  mgr. 

186.  A  small  insulated  sphere  .\  charged  with  the  quantity  of  +  electricity  2  is 
at  a  distance  of  25  mm.  from  a  second  similar  sphere  B  charged  with  the  quantity  5 ; 
the  latter  is  momentarily  touched  with  an  unelectrified  sphere  b,  of  the  same  size,  and 
the  distance  altered  to  20  mm.  What  is  the  ratio  of  the  repulsive  forces  in  the  two 
cases?  ,     Ans.  32:25. 

187.  Two  insulated  spheres  A  and  B,  whose  diameters  are  respectively  as  7  :  10, 
have  equal  quantities  of  electricity  imparted  to  them.  In  what  ratio  are  their  electrical 
densities  ?  Ans.  100  :  49. 

188.  Two  such  spheres  whose  diameters  are  as  3:5  contain  respectively  the 
quantities  of  electricity  7  and  10.     In  what  ratio  are  their  densities  ?      Ans.  35  :  18. 

189.  Three  insulated  conducting  spheres,  A,  B,  and  C,  whose  radii  are  respectively 
I,  2,  and  3,  are  charged  with  electricity,  so  that  their  respective  potentials  are  as  3  :  2  :  i, 
and  are  then  connected  by  wires,  whose  capacity  may  be  neglected.  What  is  the  total 
quantity  and  potential  of  the  system  ?  Ans.  Q=aio  ;  V=si*66. 

190.  Supposing  each  of  the  spheres  discharged  separately,  what  would  be  the  total 
work  they  would  produce,  as  compared  with  that  produced  by  the  discharge  of  the 
whole  system  ?  Ans.  yi'>  25. 
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191.  A  galvanometer  ofTering  no  appreciable  resistance  is  connected  by  short  thick 
wires  with  the  poles  of  a  cell,  and  deflects  20°.  By  how  much  will  it  be  deflected  if  two 
exactly  similar  cells  are  connected  with  the  first  side  by  side  ?  Ans.  47° '30. 

192.  By  how  much  if  the  three  cells  are  connected  in  series  ?  Ans.  xP. 

193.  Two  cells  each  of  i  ohm  resistance  are  connected  in  series  by  a  wire  the 
resistance  of  which  is  also  i  ohm.  If  each  of  these  when  connected  singly  by  short 
thick  Hires  to  a  galvanometer  of  no  appreciable  resistance  deflects  it  25^,  how  much 
will  the  combination  deflect  it,  the  connections  being  made  by  short  thick  wires? 

Ans,  170*16. 

A  Siemens  unit  is  equal  to  the  resistance  of  a  column  of  pure  mercury  a  metre  in 
length  and  a  square  mm.  in  cross  section.  It  is  equal  to  0*9536  of  an  ohm  or  BA 
unit;  or  a  BA  unit  equals  1*0485  Siemens  unit,  or  equals  a  column  of  mercury  1*0485 
metre  in  length  and  a  square  mm.  in  cross  section. 

194.  A  single  thermo-electric  couple  deflects  a  galvanometer  of  100  ohms  resist- 
ance 0°  30';  how  much  will  a  series  of  30  such  couples  deflect  it,  the  connections  being 
made  by  short  thick  wires  ?  Ans.  14^*40. 

195.  Suppose  a  sine  galvanometer  had  been  used  in  the  last  question,  and  the 
first  reading  had  been  0^*30',  what  would  the  second  be  ?  Ans.  i5®*io. 

196.  The  internal  resistance  of  a  cell  is  half  an  ohm  ;  when  a  tangent  galvano- 
meter of  I  ohm  resistance  is  connected  with  it  by  short  thick  wires  it  is  deflected  15° ; 
by  how  much  will  it  be  deflected  if  for  one  of  the  thick  wires  a  thin  wire  of  i^  ohm 
resistance  is  substituted  ?  Ans.-jO  '37. 

197.  "^.Vhat  will  be  the  deflection  if  each  of  the  wires  is  replaced  by  a  thin  wire  of 
z4  ohm  resistance  ?  Ans.  6°  10'. 

198.  A  cell  of  one-third  of  an  ohm  resistance  deflects  a  tangent  galvanometer  of 
unknown  resistance  45®,  the  connection  being  made  by  two  short  thick  wires.  If  a  wire 
of  3  ohms  resistance  be  substituted  for  one  of  the  short  wires  the  deflection  is  yP,  What 
is  the  resistance  of  the  galvanometer?  Ans.  3*75  ohms. 

199.  What  would  be  the  deflection  if  for  the  cell  in  the  last  question  three  exactly 
similar  cells  in  series  were  substituted  {a)  when  the  galvanometer  alone  is  in  circuit ; 
ib)  when  both  the  galvanometer  and  the  thin  wire  are  in  circuit  ? 

Ans.  a  6/^*48.  b  -  57°*4i. 

900.  A  galvanometer  offering  no  sensible  resistance  is  deflected  50P  by  a  cell 
connected  with  it  by  short  thick  wires.  If  a  resistance  of  3  ohms  be  put  in  the  circuit, 
the  deflection  is  20^.     Find  the  internal  resistance  of  the  cell.  Ans,  1*32. 

901.  Suppose  the  results  in  the  last  question  were  produced  by  two  exactly  similar 
cells  in  series,  find  the  internal  resistance  of  each.  Ans.  0*659. 

202.  Suppose  they  were  produced  by  two  exactly  similar  cells  placed  side  by  side, 
find  the  internal  resistance  of  each.  Ans.  2*639. 

203.  If  the  resistance  of  130  yards  of  a  particular  copper  wire  -      of  an  inch  in 

16 

diameter  is  an  ohm,  express  in  that  unit  the  resistance  of  8242-yards  of  copper  wire  -^ 

12 
of  an  inch  in  diameter.  Ans.  35*66. 

204.  One  form  of  fuse  for  firing  mines  by  voltaic  electricity  consists  of  a  platinum 
wire  I  of  an  inch  long,  of  which  a  yard  weighs  2  grains.  Required  its  resistance  in 
terms  of  a  Siemens  unit.  Specific  gravity  of  platinum  22,  and  tts  conducting  power 
11*25  that  of  mercury.  Ans.  0*131. 

205.  Express  in  ohms  the  resistance  of  one  mile  of  copper  wire  |  of  an  inch  in 
diameter  of  the  same  quality  as  that  referred  to  in  203.  Ans.  0*8461. 
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206.  The  whole  resistance  of  a  copper  wire  going  round  the  earth  (24800  miles)  is 
221650  ohms.    Find  its  diameter  in  inches.  Ams.  0*0738. 

207.  What  length  of  platinum  wire  0*05  of  an  inch  in  diameter  must  be  taken  to 
get  a  resistance  equal  to  i  ohm,  the  specific  resistance  of  platinum  being  taken  at  5*55 
that  of  copper  ?  Aiu,  14*25  metres. 

208.  660  yards  of  iron  wire  0*0625  of  an  inch  in  diameter  have  the  same  electrical 
resistance  as  a  mile  of  copper  wire  0*0416  of  an  inch  in  diameter.  Find  the  specific 
resistance  of  iron,  that  of  copper  being  unity.  Ans,  6*15. 

209.  Ten  exactly  similar  cells  in  series  produce  a  deflection  of  45^  in  a  tangent 
galvanometer,  the  external  resistance  of  the  circuit  being  10  ohms.  If  arranged  so 
that  there  is  a  series  of  5  cells,  of  two  abreast,  a  deflection  of  33^*42  is  produced ; 
find  the  internal  resistance  of  the  cell.  Ans,  ^  ohm. 

210.  On  the  bobbins  of  the  new  Post  Office  pattern  of  a  single  needle  instrument 
are  coiled  225  yards  of  No.  35  copper  wire  0*0087  inch  in  diameter,  the  resistance  of 
which  is  about  92  ohms.  Required  the  conducting  power  of  the  wire  in  terms  of 
mercury.  Ans.  46. 

211.  Ten  exactly  similar  cells  each  of  §  of  an  ohm  resistance  give,  when  arranged 
in  five  series  of  2  each,  a  deflection  of  23^*57  ;  but  when  arranged  in  2  series  of  5  each 
a  deflection  of  33^*42.  Required  the  external  resistance  of  the  circuit  including  that 
of  the  galvanometer.  Ans.  i%. 

212.  A  cell  in  a  certain  circuit  deflects  a  tangent  galvanometer  idP  26';  two  such 
cells  abreast  in  the  same  circuit  deflect  it  23°  5/  ;  two  such  cells  in  series  in  the  same 
circuit  diminished  by  i  ohm  deflect  it  29°*2.  Find  the  internal  resistance  of  one  cell 
and  that  of  the  circuit.  Ans.  R  ts  r  ^  i*66. 

213.  What  is  the  best  arr.ingoment  of  6  cells,  each  of  §  of  an  ohm  resistance, 
against  an  external  resistance  of  2  ohms? 

Ans.  Indifferent  whether  in  6  cells  of  i  each  or  in  3  cells  of  2  each. 

214.  What  is  the  best  .arrangement  of  20  cells,  each  of  o*8  ohm  resistance,  against 
an  external  resistance  of  4  ohms  ?  Ans.  10  cells  of  2  each. 

215.  In  a  circuit  containing  a  galvanometer  and  a  voltameter,  the  current  which 
deflects  the  galvanometer  45^  produces  10*32  cubic  centimetres  of  mixed  gas  in  a 
minute.  The  electrodes  are  put  farther  apart,  and  the  deflection  is  now  20°  ;  find 
how  much  gas  is  now  produced  f)er  minute.  Ans.  3*757  cc. 

216.  100  inches  of  copper  wire  weighing  100  grains  has  a  resistance  of  01516  ohm. 
Required  the  resistance  of  50  inches  weighing  200  grains.  Ans.  0*01895. 

217.  A  knot  of  nearly  pure  copper  wire  weighing  one  pound  has  a  resistance  of 
1200  ohms  at  i5°*5  C. ;  what  is  the  resistance  at  the  same  temperature  of  a  knot  of  the 
same  quality  of  wire  weighing  125  pounds?  Ans.  96  ohms. 

218.  Find  the  length  in  yards  of  a  wire  of  the  same  diameter  and  quality  as  the 
knot  pound  in  217,  having  a  resistance  of  2  ohms.  Ans.  3*38  yards. 

219.  Find  the  length  in  yards  of  a  wire  of  the  same  quality  and  total  resistance  as 
the  knot  pound  in  217,  but  of  three  times  the  diameter.  Ans.  18261  yards. 

220.  The  specific  gravity  of  platinum  is  2^  times  that  of  copper ;  its  resistance  5^ 

9 
as  great.     What  length  of  platinum  wire  weighing  100  grains  has  the  same  resistanct 

as  100  inches  of  copper  wire  also  weighing  100  grains?  Ans.  27. 

221.  A  cell  with  a  resistance  of  an  ohm  is  connected  by  very  short  thick  wires  with  the 
binding  screws  of  a  tangent  galvanometer,  the  resistance  of  which  is  half  an  ohm,  and 
the  deflection  is  45*^ ;  if  the  screws  of  the  galvanometer  be  also  connected  at  the  s.aipe 
time  by  a  wire  of  i  ohm  resistance,  find  the  deflection.  Ans.  36°  52'. 

222.  The  resistance  of  a  galvanometer  is  half  an  ohm,  and  the  deflection  wlw^n 
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the  current  of  a  cell  is  passed  through  it  is  30^.  When  a  wire  of  2  ohms  resistance  is 
introduced  into  the  circuit  the  deflection  is  15^  ;  find  the  internal  resistance  of  the  cell. 

Ans,  1*23. 

223.  When  the  current  of  a  cell,  the  resistance  of  which  is  §  of  an  ohm,  is  passed 
through  a  galvanometer  connected  with  it  by  very  short  thick  wires,  the  deflection  is 
45® ;  when  the  binding  screws  are  also  connected  by  a  shunt  having  a  resistance  of  i 
the  deflection  is  33^*42.     Find  the  resistance  of  the  galvanometer.  Ans.  2. 

224.  A  cell  whose  internal  resistance  is  2  ohms  has  its  copper  pole  connected  with 
the  binding  screw  A  of  a  galvanometer  formed  of  a  thick  band  of  copper.  From 
the  other  screw  B  a  wire  of  20  ohms  resistance  passes  to  the  zinc  pole,  and  the  deflection 
read  off"  is  7^*8.  Find  the  deflection  when  B  is  at  the  same  time  connected  with  the 
zinc  pole  by  a  second  wire  of  30  ohms  resistance.  Ans.  ii°"8'. 

225.  What  would  be  the  deflection  in  212  if  the  second  wire  instead  of  passing 
from  B  to  the  zinc  pole  passed  directly  from  the  zinc  pole  to  the  copper  pole  ? 

Ans.  2*437. 

226.  A  Leclanch^  cell  deflects  a  galvanometer  30^  when  200  ohms  resistance  are 
ntroduced  into  the  circuit,  15**  when  570  ohms  are  introduced ;  a  standard  Daniell 

cell  deflects  it  30°  when  100  ohms  are  in  circuit  and  15^  when  250  additional  ohms  are 
introduced.  Required  the  electromotive  force  of  the  Leclanch^  in  terms  of  that  of  the 
DanielL  Ans.  1*48. 

227.  A  Bunsen  and  a  Daniell  cell  are  placed  in  the  same  circuit  in  the  first  case 
so  that  the  carbon  of  the  first  is  united  to  the  zinc  of  the  Daniell ;  and  in  the  second 
case  so  that  their  currents  oppose  each  other.  The  currents  are  respectively  30^*2, 
and  in  the  second  10^ '6.  Required  the  electromotive  force  of  the  Bunsen  in  terms  of 
the  Daniell.  /Ixri.  1*89. 

228.  A  telegraph  line  constructed  of  copper  wire,  a  kilometre  of  which  weighs  30*5 
kilogrammes,  is  to  be  replaced  by  iron  wire  a  kilometre  of  which  weighs  135*6  kilo- 
grammes. In  what  ratio  does  the  resistance  alter?  Ans.  The  resistance  of  the  iron 
wire  will  be  i*i8  times  that  of  the  copper  wire  for  which  it  is  substituted. 

229.  A  telegraph  line  which  has  previously  consisted  of  copper  wire  weighing  30*5 
kilogrammes  to  the  kilometre  is  to  be  replaced  by  an  iron  wire  of  the  same  diameter 
which  shaM  offer  the  same  resistance.  AVhat  must  be  the  section  of  the  latter,  and 
what  its  weight  per  kilometre  ? 

Ans.  The  section  of  the  copper  wire  is  3*4357  sq.  mm.,  that  of  the  iron  by  which 
it  is  replaced  is  20*6  sq.  mm.,  and  its  weight  per  kilometre  is  160*4  kilogrammes. 

230.  When  the  poles  of  a  voltaic  cell  are  connected  by  a  conductor  of  resist- 
ance I,  a  current  of  strength  1*32  is  produced  ;  and  when  they  are  connected  by  a 
conductor  of  resistance  5  the  strength  of  the  current  is  0*33.  Find  from  these  data 
the  internal  resistance  and  the  electromotive  force  of  the  cell.    Ans.  R^^  E^i'76, 

231.  A  silver  wire  is  joined  end  to  end  to  an  iron  wire  of  the  same  length,  but  of 
double  the  diameter,  and  six  times  the  specific  resistance ;  the  other  ends  are  joined 
to  the  battery,  the  current  of  which  is  transmitted  for  five  minutes,  during  which  time 
a  total  quantity  of  45  units  of  heat  is  generated  in  the  two  wires.  How  is  it  shared 
between  them  ?  Ans.  Ag :  />■■  18  :  27. 

232.  A  window  casement  of  iron  faces  the  south,  and  the  hinges  which  support  it 
are  on  the  east.  What  electrical  phenomena  are  observed  [a)  when  the  window  is 
opened,  and  {Jb)  when  it  is  closed  ? 

233.  Two  points  13^  apart  in  a  uniform  circular  conducting  ring  are  connected 
with  the  opposite  poles  of  a  voltaic  battery.  Compare  the  strength  of  the  current  in 
the  two  portions  of  the  ring. 

234.  A  mile  of  cable  with  a  resistance  of  3*59  ohms  was  put  in  water,  with  the 
end  B  insulated ;  its  core  having  been  pricked  with  a  needle  the  resistance  tested  from 
the  end  A  was  found  to  be  a*8z  ohms.  A  being  insulated,  a  test  from  B  showed  the 
resistance  to  be  3*76.     Required  the  distance  from  A  to  the  injured  spot. 

Ans,  867  \axdu 
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ABE 

ABEL'S  electric  fuse,  794 
Aberration,       chromatic,       583 ; 
spherical,  533 

Absolute  electrical  units,  963 

Absolute  expansion  of  mercury,  322 

Absolute  measure  of  electrical  resistance, 
954 ;  temperature,  496 

Absorbent  power  of  aqueous  vapour,  985 

Absorbing  power,  424 

Absorption,  electrical,  748  ;  of  gases  by 
solids,  193  ;  of  gases  by  liquids,  189  ; 
of  heat  by  liquids,  434  ;  by  vapours, 
435  ;  heat  produced  by,  482 

Acceleration  of  a  force,  27,  77 

Accidental  haloes,  627  ;  images,  626 ; 
magnetic  variations,  694 

Accommodation  (of  the  eye),  620 

Accumulator,  hydraulic,  151 

Accumulators,  765 

Achromatism,  584 ;  of  the  microscope,  592 

Achromatopsy,  632 

Acidometer,  126 

Aciirage,  857 

Aclinic  lines,  698 

Acoustics,  220-287 

Acoustic  foci,  237  ;  attraction  and  repul- 
sion, 290 

Actinic  rays,  433,  573 

Action  and  reaction,  39 

Adhesion,  86 

Aerial  meteors,  975  ;  perspective,  618 

Aerolites,  480 

./Esculine,  582 

Affinity,  4s 

Agents,  6 

Agonic  line,  692 

Air,  aspirating  action  of  currents  of,  207  ; 
causes  which  modify  temperature  of, 
974,  1006 ;  heating  by,  491  ;  thermo- 
meter, 334;  resistance  of,  48;  trap,  167 

Air-balloons,  196  ;  chamber,  217 

Air-pump,  200,  467 ;  Bianchi's,  203 ; 
condensing,     209 ;     Deleuil's,     204 ; 


ANV 

gauges,  201  ;  rarefaction  in,  200 ;  re- 
ceiver of,  200 ;  SprengeFs,  205 ;  uses 
of,  210 

Ajutage,  146 

Alarum,  electric,  897 

Alcarrazas,  373 

Alcoholic  value  of  wines,  378 

Alcoholometer,  128;  Gay-Lussac*s,  128; 
centesimal,  128 

Alcohol  thermometer,  306 

Alloys,  340 

Alternate  currents,  914 

Amalgam,  754 

Amalgamated  zinc,  816 

Amber,  723 

Amici*s  camera  lucida,  603 

Ampere,  814 

Ampere's  mcmoria  Uchnica,  820  ;  theory 
of  magnetism,  879 ; 

Amplitude  of  vibration,  55 

Analogous  pole,  732 

Analyser,  656 

Analysis,  spectral,  575 ;  of  solar  light,  430 

Anamorphoses,  534 

Anelectrics,  724,  748 

Anelectrotonus,  828 

Anemometer,  974,  975 

Aneroid  barometer,  187 

Angle  of  deviation,  544,  1002 ;  critical, 
540;  optic,  617;  of  polarisation,  654; 
of  reflection  and  incidence,  511,  536; 
of  repose,  39 ;  of  refraction,  536 ; 
visual,  617 

Angular  currents,  laws  of,  860 ;  velocity, 

53 
Animal  heat,  485 

Anione,  842 

Annealing,  90 

Annual  variations,  693 

Anode,  842 

Anticyclone,  980 

Antilogous  pole,  732 

Anvil,  922 


UU 


986 


Index. 


AQU 

Aqueous  humour,  6l2 

Aqueous  vapour,  its  influence  on  climate, 
985  ;  tension  of,  355-361 

Arago's  experiment,  181 

Arbor  Dianse,  853  ;  Satumi,  853 

Arc  lamps,  838 

Arc  of  vibration,  55  ;  voltaic,  833 

Archimedes*  principle,  113;  applied  to 
gases,  195 

Area,  unit  of,  22 

Armatures,  718;  drums,  918;  Siemens*, 
914 

Arms  of  levers,  40 

Armstrong's  hydro-electric  machine,  758 

Artesian  wells,  1 1 1 

Artificial  magnets,  680 

Ascent  of  liquids  in  capillary  tubes,  132  ; 
between  surfaces,  133 

Aspirating  action  of  air  currents,  207 

Astatic  currents,  873  ;  needle  and  system, 
700 ;  circuits,  873 

Astronomical  telescope,  595 

Athermancy,  434 

Atmosphere,  its  composition,  157;  crush- 
ing force  of,  159  ;  amount  of,  determi- 
nation of,  163  ;  electricity  in  the,  993, 

994  ;  moisture  of,  400 
Atmospheric   electricity,  causes  of,  994, 

995  ;  pressure,  158,  163,  972 
Atomic  heat,  458  ;  weight  deduced  from 

specific  heat,  458 

Atoms,  3 

Attraction,  capillary,  134  ;  and  repulsion 
produced  by  capillarity,  134;  mole- 
cular, 83  ;  universal,  66 

Attractions,  magnetic  laws  of,  703 ; 
electrical,  laws  of,  734 

Atwood's  machine,  77 

Audiometer,  932 

Aura,  764 

Aurora  borealis,  694,  1002 

Aurum  musivum,  754 

Austral  pole,  689 

Avoirdupois,  23 

Axis  of  crj'stal,  640  ;  electric,  732  ; 
lenses,  551  ;  optic,  617  ;  of  a  magnet, 
681  ;  of  oscillation,  79 

Azimuthal  circle,  695 

BAD  conductors,  404 
Bain's  electro-chemical  tcle<rraph, 
89s 

Balance,  71  ;  beam  of,  72  ;  compensat- 
ing, 320  ;  delicacy  of,  73  ;  hydrostatic, 
120 ;  induction,  932  ;  knife-edge  of, 
71  ;  pendulum,  320 ;  physical  and 
chemical,  74  *,  lotsiou,  89,  704,  733 


BLO 

Ballistic  pendulum,  81 

Balloons,  195-199 ;  constructioD  and 
management  of,  197  ;  Coxwell's,  96 ; 
Montgolfier,  196;  weight  raised  by,  199 

Bands  of  spectrum,  576 

Barker's  mill,  149 

Barometers,  164 ;  aneroid,  187 ;  Bun- 
ten's,  167 ;  cistern,  165 ;  corrections 
in,  1 70  ;  determination  of  heights  by, 
178;  differential,  186;  fixed,  175; 
Fortin's,  166 ;  Gay-Lussac's,  167 ; 
glycerine,  176;  precautions  with,  168; 
wheel,  174;  variations  of  height  of,  171 

Barometric  formula,  Laplace's,  178; 
gradients,  979;  height  of,  corrected 
for  heat,  327 ;  manometer,  186 ;  va- 
riations, 172 

Baroscope,  195 

Battery,  Bunsen's,  810;  Callan's,  810; 
chemical  effects  of,  841  ;  Daniel's, 
808 ;  electric,  774 ;  floating,  865 ; 
gas,  850  ;  gravity,  812  ;  Grove's,  809; 
Leclanche's,  844 ;  Leyden,  constant, 
807 ;  charged  by  coil,  923  ;  local, 
877 ;  luminous  effects,  833  ;  magnetic. 
717;  measurement  of  charge,  777; 
mechanical  effects  of,  839  ;  Menotti's, 
812  ;  Marie  Dav7's,  812  ;  postal,  877  ; 
secondary,  849  ;  Smee's,  81 1  ;  sulphate 
of  mercury,  8i2  ;  tension  of,  815 ; 
thermo-electric,  944  ;  voltaic,  8<H« 
805  ;  Walker's,  811 ;  WoUaston's,  805 

Beam  of  a  balance,  72  ;  of  a  steam- 
engine,  467 

Beats,  262 

Beaume's  hydrometer,  127 

Becquerel's  pyrometer,  949 ;  thermo- 
electric battery,  944;  electrical  ther- 
mometer, 948 

Bell  of  a  trumpet,  237 

Bell's  telephone,  930  ;  photophone,  936 

Bellows,  243 ;  hydrostatic,  1 01 

Bennett's  electroscope,  751 

Berthollet's  experiment,  188 

Berlin's  commutator,  870 

Bianchi's  air-pump,  203 

Biaxial  crystals,  double  refraction  in, 
644 ;  optic  axis  of,  644 ;  rings  in, 
667 

Bifurcation,  639 

Binnacle,  697 

Binocular  vision,  621 

Biot's  apparatus,  676 

Black's  experiments  on  latent  heat,  461 

Bladder,  swimming,  118 

Block  and  tackle,  45 

Blood -globules,  15 
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Blue  cloud,  986 

Bodies,  properties  of,  7,  122 

Bohnenberger's  electroscope,  818 

Boiler,  466 

Boiling,  350 ;  by  cooling,  367  ;  laws  of, 

363 
Boiling-point,  influence  of  dissolved  sub- 
stances on,  365  ;  of  nature  of  vessel, 
366 ;  of  pressure  on,  367  ;  in  a  ther- 
mometer, 302  ;  measure  of  heights  by, 

369 
Borda's  method,  75 

Boreal  pole,  689 

Bottomley*s  experiment,  990 

Boutign/s  experinlents,  385 

Boyle's  law,  180-182 

Brake,  473 

Bramah's  hydraulic  press,  loS 

Branch  currents,  961 

Breaking  weight,  91 

Breezes,  land  and  sea,  977 

Breguet's  thermometer,  309 

Bridge,  Wheatstone's,  956 

British  imperial  yard,  22  ;  and  French 

system  of  weights  and  measures,  125 
Browning's  regulator,  836 
Brush  discharge,  787  ;  dynamo-electrical 

machine,  919 
Bull's  eye,  591 
Bunsen's  filter  pump,  206  ;  battery,  810; 

burner,    576 ;    ice    calorimeter,   452 ; 

photometer,  509 
Bunsen  and  KirchhofTs  researches,  578 
Bunten's  barometer,  167 
Buoyancy  of  liquids,  100 
Burning  mirrors,  420 


CABLE  telegraph,  886 
Caesium,  575 

Cagniard-Latour's  syren,  242 ;  experi- 
ments on  formation  of  vapour,  370 

Cailletet's  and  Pictet's  researches,  382 

Callan's  battery,  811 

Calorescence,  433 

Caloric,  448 

Calorific  effects  of  electrical  discharge, 
790 ;  of  current  electricity,  829,  830  ; 
of  Ruhmkorff's  coil,  923 ;  of  the  spec- 
trum, 573 

Calorimeter,  450 ;  Bunsen's  ice,  451  ; 
Black's,  45 1 ;  Favre  and  Silbermann's, 
463  ;  Lavoisier  and  Laplace's,  451 

Calorimetry,  447 

Camera  lucida,  594 ;  Amici's,  603 ;  ob- 
scura,  602 ;  Porta's  obscura,  514 ; 
WoUaston'Sy  603 


CIR 

Campani's  eyepiece,  592 

Capacity,  electrical,  739;  specific  induc- 
tive, 748 

Capillarity,  131 ;  attraction  and  repulsion 
produced  by,  134  ;  correction  for,  169 

Capillary  phenomena,  131- 138;  electro- 
meter, 840 ;  tubes,  132 ;  ascent  and 
depression  in,  132 ;  between  parallel 
or  inclined  surfaces,  133 

Capsule,  of  the  eye,  612 

Carcel  lamp,  849 

Cardan's  suspension,  166 

Carre's  mode  of  freezing,  374 ;  dielectri- 
cal  machine,  760 

Carriage  lamps,  535 

Cartesian  diver,  116 

Cascade,  charging  by,  776 

Cathetometer,  88 

Catoptric  telescopes,  598 

Caustics,  533,  534 

Celsius'  scale,  303 

Centesimal  alcoholometer,  128 

Centigrade  scale,  303 

Centimetre,  125 

Centre,  optical,  555  ;  of  gravity,  68  ;  of 
parallel  forces,  37  ;  of  pressure,   102 

Charge  of  a  Leyden  jar,  penetration  of, 
773  ;  measurement  of,  787  ;  laws  of, 
778  ;  residual,  773 

Charging  by  cascade,  776 

Chatterton's  compound,  886 

Chemical  affinity,  85 ;  combination,  483  ; 
effects  of  the  battery,  793 ;  decomposi- 
tion, 841  ;  of  electrical  discharge  793  ; 
of  voltaic  currents,  821 ;  of  Ruhmkorff's 
coil,  923  ;  harmonicon,  278  ;  hygro- 
meter, 394;  properties  of  the  spectrum, 

573 
Chemistry,  i 

Chevallier's  microscope,  591 

Cheval-vapeur,  473 

Chimes,  electrical,  763 

Chimney,  487 

Chladni's  experiments,  284 

Chlorophane,  635 

Chlorophylle,  580 

Chords,  major  and  minor,  247  ;  physical 
constitution  of,  264  ;  tones  dominant 
and  subdominant,  248 ;  vocal,  259 

Choroid,  612 

Chromatic  scale,  250 ;  aberration,  583 

Chromium,  magnetic  limit  of,  720 

Ciliary  processes,  612 

Circle,  azimuthal,  695 

Circular  polarisation,  669 

Cirrocumulus,  981 

Cirrostratus,  981 
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Cirrus,  981 

Cistern  barometer,  165 

Clamond*s  thermo-electric  battery,  945 

Clarke's  magneto-electrical  machine,  91 1 

Cleavage,  electricity  proouced  by,  731 

Clement  and  Desorme's  experiment,  207 

Climate,  icx>8 ;  constant,  1008 ;  influence 

of  aqueous  vapour  on,  985 
Climatology,  1004-1011 
Clocks,  81  ;  crutch  of,  81  ;  electrical,  898 
Clouds,  981  ;  electricity  of,  996;  forma- 
tion of,  982 
Coatings,  769 ;  Leyden  jar  with  movable, 

771 
Cobalt,  720 
Coercive  force,  687 
CoefHdents  of  linear  expansion,  313,  315* 

316  ;  conductivity,  404,  405 
Cohesion,  84 
Coil,  primary,  879  ;  Ruhmkorflfs,  914 ; 

effects  produced  by,  914  ;  secondary, 

879 

Cold,  apparent  reflection  of,  422 ;  pro- 
duced by  evaporation,  373  ;  expansion 
of  gases,  494 ;  by  nocturnal  radiation, 
495  ;  sources  of,  493 

Colladon  and  Sturm's  experiments,  234 

Collecting  plate,  779 

CoIIimation,  595 

Collision  of  bodies,  58 

Colloids,  140 

Coloration  produced  by  rotatory  polari- 
sation, 675 

Colour,  7  ;  of  bodies,  592  ;  of  heat,  436 ; 
of  thin  plates,  650 

Colour  disease,  632 

Colours,  contrast  of,  627  ;  mixed,  570 ; 
simple,  566 ;  complementary,  570 ; 
produced  by  polarised  lijjht,  662-668  ; 
by  compressed  glass,  668 

Combustion,  483  ;  heat  disengaged  dur- 
ing, 484 

Comma,  musical,  248 

Common  reservoir,  726 

Communicator,  886 

Commutator,  887,  889,  912,  922  ;  Ber- 
tin's,  870 

Compass,  correction  of  errors,  696  ;  de- 
clination, 695  ;  mariner's,  697  ;  incli- 
nation, 698  ;  sine,  824 ;  tangent,  823 

Compensating  cube,  438 

Compensation,  method  of  magnets,  719  ; 
pendulum,  320  ;  balance,  320 ;  grid- 
iron, 320;  strips,  320 

Complementary  colours,  570 

Component  forces,  32 

Composition  o(  vc\oe\l\cs,  ^2 


CRO 

Compound  microscope,  591 
Compressed  glass,  coloois  produced  bjr. 

Compressibility,  7,  16  ;  of  gases,  154, 
180;  of  liquids,  97 

Concave  mirrors,  419,  528 

Concert  pitch,  251 

Concordant  tones,  247 

Condensation  of  viqxmrs,  375 

Condensed  gas,  193,  209 ;  wave,  225 

Condenser,  467,  759,  765;  limits  to 
charge  of,  768 ;  of  Ruhmkorff's  onl, 
922  ;  Liebig's,  377 

Condensing  engine,  471 ;  air-pamp,  209 ; 
force,  calcfiation  of,  707 ;  electro- 
scope, 779 ;  plate,  799  ;  hygrometeT:s 

395 

Conduction  of  heat,  403 ;  kA  electridtj, 
725 ;  lightning,  looi 

Conductivity  of  bodies  for  heat,  404 ;  co- 
efficient of,  404,  405  ;  of  gases,  409; 
of  liquids  4^7  »  for  electricity,  955, 
958 

Conductors,  725 ;  equivalent,  956 ;  good 
and  bad,  404;  lightning,  icx)i ;  prime, 
753 ;  resistance  of,  952 

Congelation,  343 

Conjugate  mirrors,  420 ;  focus,  525,  552 

Connecting  rod,  467 

Conservation  of  energy,  65 

Constant  currents,  807 

Contact  theory  of  electricity,  799 

Contractile  force,  319 

Convection,  408 

Convex  meniscus,  131  ;  mirrors,  526, 
529 

Cooling,  method  of,  455  ;  Newton*s  law 
of,  416 

Cornea,  612 

Cornish  engine,  467 

Corona,  981 

Corpuscular  theory,  499 

Corti's  fibres,  260 

Cosine,  law  of  the,  414,  508 

Coulomb,  964 

Coulomb's  law,  703 

Couple,  36 ;  terrestrial  magnetic.  690 ; 
voltaic,  801  ;  thermo-electric,  942 

Couronne  des  tasses,  805 

Cowper's  writing  telegraph,  890 

Coxwell's  l)alloon,  196 

Crab,  42 

Critical  angle,  540 ;  current,  920 ;  tem- 
perature, 370 

Crookes's  radiometer,  445 ;  vacuum,  446; 
experiments,  927 

Cross- wire,  595 
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Crutch  of  a  clock,  81 

Cryohydraie,  348 

Cryophorus,  373 

Crystal,  hemihedral,  732 

Crystalline,  612 

Crystallisation,  344 

Crystalloids,  140 

Crystals,  343 ;  expansion  of,  315  ;  doubly 
refracting,  639,  652,  663  ;  uniaxial, 
642  ;  positive  and  negative,  643 

Cube,  Leslie's,  423 

Cumulostratus,  980 

Cumulus,  980 

Current  electricity,  800 

Currents,  action  on  currents,  862,  863  ; 
action  of  magnets,  866 ;  action  of 
earth  on,  872,  873 ;  action  on  sole- 
noids, 874,  879 ;  constant,  807  ;  di- 
vided, 961  ;  detection  and  measure- 
ment of  voltaic,  819 ;  diaphragm,  839; 
direct  and  inverse,  900,  901,  908 ; 
effects  of  enfeeblement  of,  806  ;  energy 
of,  920 ;  extra,  907,  908  ;  of  inclina- 
tion, 967  ;  intensity  of,  825  ;  induc- 
tion by,  900  ;  laws  of  angular,  860  ; 
laws  of  sinuous,  861  ;  local,  816 ; 
magnetisation  by,  871  ;  motion  and 
sounds  produced  by,  884 ;  muscular, 
966  ;  in  active  muscle,  969 ;  in  nerve, 
970 ;  rotation  of  magnets  by,  856 ; 
secondary,  806 ;  terrestrial,  880 ;  ther- 
mal effects  of^  830,  831 ;  transmissions 
by,  844 

Curvature  of  liquid  surfaces,  135  ;  in- 
fluence of,  on  capillary  phenomena, 

'36 

Curves,  magnetic,  704 

Cushions,  753 

Cyanogen  gas,  380 

Cyclones,  979 

Cylinder,  467  ;  electrical  machine,  757 


DAGUERREOTYPE,  608 
Daltonism,  632 
Dalton's  laws  on  gases  and  vapours,  383; 

method  of  determining  the  tension  of 

aqueous  vapour,  356 
Damper,  279,  905 
Daniell's  battery,  808  ;  hygrometer,  396; 

pyrometer,  311 
Dark   lines  of   the  spectrum,    574;    of 

solar  spectrum,  579 
Davy's  battery,  812 
Davy's  experiment,  421 
Day,  apparent,  21 
Decimetre,  24,  125 


DIP 

Declination  compass,  695 ;  errors  of, 
696 ;  magnetic,  691 ;  of  needle,  691 ; 
variations  in,  691  ;  of  a  star,  600 

Decomposition,  chemical,  841  ;  of  white 
light,  564  ;  of  salts,  843 

Deflagrator,  Hare's,  805,  829 

Degrees  of  a  thermometer,  303 

De  la  Rive's  floating  battery,  867 ;  ex- 
periments, 928 

De  la  Rue  and  Miiller's  experiments,  926 

Deleuil's  air-pump,  204 

Delezenne's  circle,  906 

Delicacy  of  balance,  73 ;  of  thermo- 
meter, 307 

Densimeter,  130 

I>ensity,  24 ;  of  the  earth,  67  ;  electric, 
736,  gravimetrical  185  ;  of  gases,  335- 
337;  maximum  of  water,  330 ;  of 
vapours,  Gay-Lussac's  method,  386 ; 
Dumas's,  388  ;  Deville  and  Troost's* 
388  ;  Hofmann's,  387 

Depolarisation,  665 

Depolarising  plate,  663 

Depression  of  liquids  in  capillary  tube, 
132  ;  between  surfaces,  133 

Derived  currents,  961 

Descartes'  laws  of  refraction,  537 

Despretz's  experiment,  404 

Developer,  609 

Deviation,  angle  of,  544 

Deville  and  Troost's  method,  388 

Dew,  987 ;  point,  395 

Diabetic  urine,  anal}'sis  of,  678 

Dial  telegraphs,  888 

Dialyser,  140 

Dialysis,  140 

Diamagnetism,  938 

Diapason,  257 

Diaphanous  bodies,  500 

Diaphragm,  591  ;  currents,  839 

Diathermancy,  434 

Diatonic  scale,  248 

Dielectrical  machine,  Carre's,  760 

Dielectrics,  748 

Differential  barometer,  186 

Differential  galvanometer,  821  ;  thermo- 
meter, Leslie's,  308 ;  Matthiessen's, 
308 ;  tone,  263 

Diffraction,  503  ;  spectra,  648  ;  fringes, 
646 

Diffusion  of  heat,  437  ;  of  liquids,  140 

Digester,  Papin's,  371 

Dioncea  muscipula,  827 

Dioptric  telescopes,  598 

Diplopy,  631 

Dip,  magnetic,  698 

Dipping  needle,  698 
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Direct  Vision  Spectroscope,  511 

Disc,  Newton's,  567 

Discharge,  electrical,  766 ;  effects  of  the, 
783  ;  lateral,  looi ;  silent,  793,  slow 
and  instantaneous,  766 ;  universal,  775 

Discharging  rod,  766 

Dispersion,  544 ;  abnormal,  581 

Dispersive  power,  564 

Displacement,  46 

Dissipation  of  energy,  498 

Distance,  estimation  of^  618;  adaptation 
of  eye  to,  620 

Distillation,  376 

Distribution  of  free  electricity,  735  ;  of 
magnetism,  722 ;  of  temperature, 
1009  >  of  land  and  water,  loii 

Diurnal  variations,  693 

Diver,  Cartesian,  116 

Divided  currents,  961 

Dividing  machine,  1 1 

Divisibility,  7,  12 

Dol>ereiner's  lamj),  482 

Dominant  chords,  248 

Doppler's  principle,  233 

Double-action  steam-engine,  467,  468 

Double  refraction,  652 

Double-weighing,  75 

Doublet,  WoIIaston,  586 

Dove's  law  of  storms,  978 

Draught  of  fire-places,  488 

Driving  wheels,  470 

Drum  armature,  918 

Drummond's  light,  606 

Dry  piles,  817 

Duboscq's  microscope,  606  ;    regulator, 

835 

Ductility,  7,  92 

Duhamel's  graphic  method,  245 
Dulong    and    Arago's    experiments    on 
Boyle's  law,  181  ;  method  of  determin- 
ing the  tension  of  aqueous  vapour,  357 
Dulong  and  Petit's  determination  of  ab- 
solute   expansion    of    mercury,    322 ; 
method  of  cooling,  455  ;  law,  458 
Dumas's    method    for    vapour    density, 

388 
Duplex  telegraphy,  893 
Duration  of  electric  spark,  795 
Dutroche's  endosmometer,  139 
Dynamical  theory  of  heat,  429 
Dynamic  radiation  and  aljsorption,  442 
Dynamo-electrical  machine,  916-918 
Dynamo-magnetic  machine,  916 


E 


AR,  the,  7,  260 
Kar-lrumY)e\.,  239 


ELE 

Eamshaw  on  velocity  of  sound,  230 

Earth,  density  of,  67  ;  its  action  oa 
currents,  87 1-873 ;  action  of  solenoids, 
878  ;  current,  894 ;  flattening  of,  by 
rotation,  82  ;  magnetic  poles  of  the, 
698  ;  magnetisation  by,  714 

Earth's  magnetism,  701 

Ebullition,  350  ;  laws  of,  363 

Ekx:entric,  467,  468 

Echelon  lenses,  607 

Echoes,  237 ;  monosyllabic,  trisyllabic, 
multiple,  237 

Edelmann's  hygrometer,  394 

Edison's  lamp,  838  ;  phonograph,  291 ; 
tasimeter,  933  ;  telephone,  934 

Effluvium  electrical,  793 

Efilux  velocity  of,  142 ;  quantity  of, 
145  ;  influence  of  tubes  on,  146 

Effusion  of  gases,  191 

Elastic  bodies,  58 

Elastic  force,  152;  of  vapours,  351 

Elasticity,  7,  17;  limit  of,  17,  88;  of 
traction,  88  ;  modulus  of,  88  ;  of  tor- 
sion, 89  ;  of  flexure,  90 

Electric  alarum,  897  ;  axis,  732  ;  batter- 
ies, 774,  789 ;  candles,  838  ;  charge, 
778  ;  chimes,  763  ;  clocks,  898  ;  den- 
sity, 736  ;  discharge,  783  ;  egg,  788  ; 
fish,  971 ;  fuse,  794;  glow,  787  ;  lamp, 
838  ;  light,  831-833  ;  stratification  of 
the,  924  ;  lighting,  838  ;  pendulum, 
724;  pistol,  793;  poles,  732  ;  residue, 
773  ;  shock,  770,  785  ;  spark,  762  ; 
telegraphs,  886-^9 ;  tension,  736 ; 
whirl,  764;  tube,  789 

Electrical  attractions  and  repulsions, 
734  ;  endosmose,  839 ;  potential,  738  ; 
capacity,  739  ;  measurement  of,  740 ; 
resistance,  unit  of,  954  ;  conductivity, 
958  ;  quantity,  733  ;  units,  963 

Electrical  machines,  752-761  ;  precau- 
tions in,  754 

Electricity,  6,  723  ;  application  of,  to 
medicine,  972  ;  atmospheric,  992- 
looi  ;  contact  theory,  799  ;  current, 
800 ;  communication  of,  749 ;  de- 
velopment of,  by  friction,  724 ;  by 
pressure  and  cleavage,  731  ;  distribu- 
tion of,  735 ;  dynamical,  797-961 ; 
disengagement  of,  in  chemical  actions, 
793-799 ;    frictional,    730 ;     loss   of, 

743  ;  mechanical  effects,  792  ;  power 
of  points,  742  ;  produced  by  induction, 

744  ;  velocity  of,  796 ;  theories  of, 
728  ;  work  required  for  production  of, 
761 

Electrified  bodies,  motion  of,  729,  750 
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Electro-capillary  phenomena,  S40 

Electrochemical  telegraph,  895  ;  series, 
S42 

Electrodes,  803  ;  polarisation  of,  806 

Electrodynamics,  S58 

Electrodynamometer,  962 

ElectrogUding,  855 

Electrolysis,  042  ;  laws  of,  846 

Electrolyte,  842 

Electromagnetie  force,  883 ;  machines, 
899 ;  units,  963 

ElectromagneU,  880,  88a 

Electrometallurgy,  854,  855 

Electrometer,  751  ;  Lane's,  777 ;  quad- 
rant, 756 ;  Thomson's,  780 

Electromotive  series,  801  ;  force,  802, 
814,  825,  959  ;  determination  of,  959  ; 
force  of  elements,  814 

Electromotor,  886 

Electrophorus,  752 

Electropyrometer,  949 

Electroscope,  724  ;  £ohnenberger*s,  818  ; 
Volta's  condensing,  779  ;  gold  leaf,  751 

Electrosilvering,  856 

Electrostatic  units,  963 

Electrotonus,  828 

Elements,  electronegative  and  electro- 
positive, 842 

Elliptical  polarisation,  672 

Emer^nt  rays,  542 

Emission  theory,  499 

Emissive  power,  425 

Endosmometer,  135 

Endosmose,  139;  electrical,  839;  of 
gases,  190 

Endosmotic  equivalent,  139 

Energy,  62 ;  conservation  of,  65  ;  dissi- 
pation of,  498  ;  transformations  of,  64  ; 
varieties  of,  63 

Engines,  gas,  476 ;  steam,  465  ;  double- 
action,  467 ;  low  and  high  pressure, 
471  ;  single  action,  469 ;  locomotive, 
470 ;  fire,  219 ;  transformation  of,  64 ; 
Cornish,  467 ;  horizontal,  468  ;  work 
of,  472  ;  heat,  474  ;  hot  air,  475 

Equator,  681 ;  magnetic,  698 

Equilibrium  of  forces,  35 ;  of  floating 
bodies,  115  ;  of  heavy  bodies,  69  ;  of 
liquids,  106,  107  ;  mobile  of  tempera- 
ture, 414  ;  neutral,  70  ;  stable,  70  ; 
unstable,  70 

Equivalent,  endosmotic,  139 ;  conduc- 
tors, 955 

Escapement,  81 ;  wheel,  81 

Ether,  429  ;  luminiferous,  499 

Eustachian  tube,  260 

Evaporation,  350 ;  causes  which  accele- 


FLA 

rate  it,  362  ;  cold  due  to,  373  ;  latent 
heat  of,  372 

Evaporation  and  ebullition,  364 

Exchanges,  theory  of,  415 

Exhaustion,  produced  by  air-pump,  203  ; 
by  Sprengel's  pump,  205 

Exosmose,  139 

Expanded  wave,  225 

Expansibility  of  gases,  147 

Expansion,  296  ;  apparent  and  real,  321 ; 
absolute,  of  mercury,  322 ;  apparent, 
of  mercury,  323  ;  of  liquids,  326  ;  of 
solids,  313  ;  of  gases,  331-333  ;  linear 
and  cubical,  coefficients  of,  313 ; 
measurement  of  linear,  314  ;  of  crystals, 
318 ;  applications  of,  319 ;   force  of, 

329 

Expansion  of  gases,  cold  produced  by, 

494 ;  problems  on,  332 

Expansive  force  of  ice,  346 

Experiment,  BerthoUet's,  188 ;  Frank- 
lin's, 368  ;  Florentine,  97  ;  Pascal's, 
162 ;  Torricellian,  161 

Extension,  7,  9 

Extra  current,  907,  908 ;  direct,  908  ; 
inverse,  908 

Eye,  612  ;  accommodation  of,  620;  not 
achromatic,  628 ;  refractive  indices  of 
media  of,  613 ;  path  of  rays  in,  615 ; 
dimensions  of  various  parts  of,  614 

Eye-glass,  544,  630 ;  lens,  592 ;  piece, 
583.  590f  592 ;  Campani's,  592 

FAHRENHEIT'S  hydrometer,  123 ; 
scale,  303 

Falling  bodies,  laws  of,  76 

Farad,  964 

Faraday's  experiments,  745  ;  wheel,  625  j 
theory  of  induction,  747  ;  voltameter, 
846 

Favre  and  Sill>ermann*s  calorimeter, 
463  ;  determination  of  heat  of  com- 
bustion, 483 

Fibres,  Cortis,  260 

Field  lens  and  glass,  592 

Field  magnets,  915 

Field  of  a  microscojje,  591  ;  of  view, 
593  ;  magnetic,  707 

Figures,  Lichtenberg's,  772 

Filter  pump,  206 

Finder,  595 

Fire-engine,  219; -places,  487;  -works, 
149 

Fish,  electrical,  971 

Fishes,  swimming  bladder  of,  117 

Fizeau's  experiments,  316,  507 

Flag  signals,  887 
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Flame,  483 

Flask,  specific  gravity,  121 

Flattening  of  the  earth,  82 

Flexure,  elasticity  of,  90 

Float,  466 

Floating  bodies,  115 

Florentine  experiment,  13,  97 

Fluid,  4  ;  imponderable,  6  ;  elastic,  152  ; 
magnetic,  683 

Fluidity,  7 

Fluorescence,  582 

Flute,  280 

Fluxes,  340 

Fly-wheel,  467 

Focal  distance,  419 

Foci,  acoustic,  237  ;  of  convex  mirrors, 
526  ;  in  double  convex  lenses,  552 

Focus,  419,  525  ;  conjugate,  determina- 
tion of  the  principle,  527 ;  of  a  sphe- 
rical concave  mirror,  525,  552 

Focussing  the  microscope,  587,  591 

Fogs,  980 

Foot,  22 

Foot-ix)und,  59,  473 

Force,  26  ;  acceleration  of,  77  ;  conser- 
vation of,  65  ;  coercive,  687  ;  direction 
of,  30;  elastic,  of  gases,  152  ;  lines  of 
magnetic,  707  ;  of  expansion  and  con- 
traction, 319  ;  electromotive,  802,  814  ; 
representation  of,  30 ;  parallelogram 
of,  33;  of  liquids,  329;  portative,  719 

Forces,  6;  along  the  same  line,  31  ; 
equilibrium  of,  38  ;  impulsive,  60  ; 
magnetic,  708  ;  molecular,  83  ;  mo- 
ments of,  38  ;  polygon  of,  35  ;  triangle 

of,  35 

Formula:  for  expansion,  318  ;  barome- 
tric, 178  ;  for  sound,  231  ;  for  spheri- 
cal mirrors,  530,  531  ;  for  lenses,  559 

Fortin's  barometer,  166 

Foucault's  currents,  929  ;  determination 
of  velocity  of  light,  506 ;  experiment, 
834,  929 

Fountain  in  vacuo,  210  ;  at  Giggleswick, 
214  ;  intermittent,  212  ;  Hero's,  211 

Fovea  centralis,  612 

Franklin's  experiment,  368,  992  ;  plate, 
769  ;  theory  of  electricity,  728 

Fraunhofer's  lines,  574,  575 

Freezing,  apparatus  for,  374 

Freezing  mixtures,  347,  348  ;  point  in  a 
thermometer,  302 

French  weights  and  measures,  123 ; 
boiler,  466 

FresneFs  experimcntum  crucis,  645 ; 
rhomb,  671 

Friction,  26,  47  *,  Viesil  o^,  ^^^  \  h^drau- 


GEI 

lie,  146 ;  internal,  of  gases,  446 ;  de- 
velopment of  electricity  by,  720 

Friction  wheels,  77 

Frigorific  ra}*s,  422 

Fringes,  646 

Frog,  rheoscopic,  968 

Frost,  987 

Frozen  mercury,  373,  380^  384 

Fulcrum,  44 

Fulgurites,  999 

Fulminating  pane,  769 

Furnace,  electrical,  821 

Fuse,  Abel's,  794 ;  Chatham,  829,  830 

Fusing  point,  338 

Fusion,  laws  of,  338 ;  vitreous,  338 ; 
latent  heat  of,  461 ;  of  ice,  450 


GALILEAN  telescope,  597 
Galleries,  whispering,  237 

Gallium,  578 

Gallon,  125 

Galvani's  experiment,  797 

Galvanometer,  821  ;  differential,  821  ; 
Sir  W.  Thomson's,  822 

Galvanoscope,  821 

Galvano-thermometer,  830 

Gas  battery,  850  ;  engines,  476 

Gases,  absorption  of,  by  liquids,  189; 
by  solids,  193  ;  by  vapours,  435 ; 
application  of  Archimedes'  principle 
to,  195  ;  cold  produced  by  expansioD 
of,  494  ;  compressibility  of,  1 54,  180 ; 
condensed,  193,  209  ;  conductivity  of, 
409 ;  diamagnetism  of,  937 ;  density 
of,  335-337 ;  dynamical  theory  of, 
293;  expansion  of,  153,  331-334; 
endosmose  of,  190  ;  effusion,  19 1  ; 
transpiration  of,  192  ;  Gay-Lussac's 
metho<i,  331  ;  index  of  refraction  of, 
550  ;  laws  of  mixture  of,  188 ;  and 
vapours,  mixtures  of,  383  ;  permanent, 
380 ;  problems  in,  332,  383 ;  hque- 
faciion  of,  380  ;  phjrsical  properties  of^ 
152  ;  pressure  exerted  by,  156  ;  radia- 
tion of,  441  ;  Regnault's  method,  336 ; 
specific  heat  of,  460 ;  velocity  of  sound 
in,  230,  231,  232  ;  viscosity  of,  446; 
weight  of,  155 

Gaseous  state,  4 

Gassiott's  battery,  815 

Gauge,  air-pump,  201  ;  rain,  983 

Gay  Lussac's  alcoholometer,  128;  baro- 
meter, 167  ;  determination  and  expan- 
sion of  gases,  331  ;  of  vapour-density, 
385  ;  stopcock,  382 

Geissler's  tul)es,  205,  578,  925 
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Generating  plate,  8oi 

Geographical  meridian,  691 

Geometrical  shadows,  503 

Giffard's  injector,  207 

Gilding  metal,  855 

Gimbals,  697 

Glacial  pole,  1009 

Glaciers,  991 

Glashier^s  balloon  ascents,  196  ;  factors, 

398 
Glass,   compressed,   668  ;  expansion  of, 

325  ;   magnifying,  583  ;   object,  590 ; 

opera,  597  ;  unannealed,  668 
Glasses,  periscopic,  629 ;  weather,  174 
Globe  lightning,  997 
Glow,  electrical,  787 ;  worm,  635 
Glycerine  barometer,  176 
Gold -leaf  electroscope,  751 
Goldschmid's  aneroid,  182 
Goniometers,  534 
Governor,  468 
Good  conductors,  404 
Gradicut,  barometric,  978 
Gramme,  24,  125 
Gramme^s    magneto-electrical    machine, 

917 

Graphic  method,  Duhamel's,  245  ;  Fos- 
ter's, 831 

Graphite,  810 

Gratings,  647 

Gravesand's  ring,  295 

Gravimetrical  density,  185 

Gravitation,  6,  82 ;  terrestrial,  67  ;  ac- 
celerative  effect  of,  27 

Gravity,  battery,  812 

Gravity,  centre  of,  68 

Gregorian  telescope,  599 

Gridiron  pendulum,  320 

Grimaldi*s  experiment,  645 

Grotthiiss*  hypothesis,  845 

Grove's  battery,  809  ;  gas,  850 

Guericke's  air-pump,  200 

Gulf  Stream,  1006 

Guthrie's  researches,  348 


HADLEY'S  reflecting  sextont,  521 
Hail,  989, 
Hair  hygrometer,  399 
Haldat's  apparatus,  loi 
Hall's  experiment,  881 
Hallstrom's  experiments,  329 
Haloes,  627,  981 
Hammer,  279,  922 
Hardening,  90 
Hardness,  7  ;  scale  of,  93 
Hare's  deflagrator,  805,  829,  830 
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Harmonicon,  chemical,  278 

Harmonics,  254,  273 

Harmonic  triad,  247  ;  grave,  263 

Harp,  281 

Harris's  unit  jar,  778 

Heat,  292  ;  animal,  485  ;  absorption  of, 
by  vapours,  &c.,  435,  439;  atomic, 
458  ;  conduction  of,  403 ;  diffusion  of, 
437 ;  developed  by  induction,  929  ; 
dynamical  theory  of,  429 ;  hypothesis 
on,  292  ;  influence  of  Uie  nature  of^ 
435 ;  latent,  341  ;  mechanical  equi- 
valent of,  497  ;  polarisation  of,  679  ; 
produced  by  absorption  and  imbibi- 
tion, 482 ;  radiated,  403 ;  radiant, 
411,  446^1;  reflection  of,  418;  scat- 
tered, 424 ;  sources  of,  477-496 ; 
specific,  448,  454-460;  transmission 
of»  403  ;  terrestrial,  481 

Heaters,  466 

Heating,  486;  by  steam,  490;  by  hot 
air,  491  ;  by  hot  water,  492 

Height  of  barometer,  165  ;  variations 
in,  171 

Heights  of  places,  determination  of,  by 
barometer,  1 78,  1 79  ;  by  boiling  point, 

369 
Heliograph,  523 

Heliostat,  534 

Helix,  45,  882 

Helmholtz's  analysis  of  sound,  255  ;  re- 
searches, 258 

Hemihedral  crystal,  732 

Hemispheres,  Magdeburg,  160 

Henley's  electrometer,  756  ;  discharger, 
792 

Henry's  experiment,  909 

Herepath's  salt,  656 

Hero's  fountain,  211 

Herschelian  rays,  430 ;  telescope,  601 

Him's  experiments,  474 

Hoar-frost,  987 

Hofmann's  density  of  vapours,  387 

Holmes's  magneto- electrical  machine,  913 

Holtz's  electrical  machine,  759 

Homogeneous  light,  572  ;  medium,  502 

Hope's  experiments,  330 

Horizontal  line,  67  ;  plane,  67 

Horse-power,  472 

Hot-air  engines,  475,  491 

Hotness,  297 

Hot-water,  heating  by,  492 

Hour,  J I 

Howard's  nomenclature  of  clouds,  981 

Hughes's    microphone,   931  ;    induction 
balance,  932 

Humour,  aqueous,  612 
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Huyghen's  barometer,  177 
Hyaloid  membrane,  612 
Hydraulic  press,  108  ;  engine,  151  ;  fric- 
tion, 140;  ram,  150;  tourniquet,  149 
Hydraulics,  95 
Hydrod)mamics,  141 
Hydro-electric  machine,  758 ;  currents, 

939 
Hydrometers,    119;   Nicholson's,    120; 

Fahrenheit's,  123  ;  with  variable 
volume,.  126;  Beaume's,  127;  of  con- 
stant volume,  126  ;  specific  gravities, 
119  ;  uses  of  tables  of,  125 

Hydrostatic  bellowi>,  loi ;  paradox,  103  ; 
balance,  120 

Hydrostatics,  95-9S 

Hygrometers,  393  ;  of  absorption,  399  ; 
chemical,  394 ;  condensing,  395 ; 
DanieU's,  396 ;  wet-bulb,  398;  Mason's, 
398  ;  Regnault's,  397 

Hygrometric  state,  392  ;  substances,  391 

Hygrometry,  391  ;  problem  on,  401 

Hygroscope,  399 

Hypothesis,  5 

Hypsometer,  369 


ICE,  990;  method  of  fusion  of,  450 
Ice    calorimeter,    450  ;     Bunsen's, 
451;  expansive   force    of,    346;    ma- 
chine, 494 

Iceland  spar,  659 

Idioelectrics,  724 

Image  and  object,  magnitudes  of,  561 

Images,  accidental,  626  ;  condition  of 
distinctness  of,  587  ;  formation  of,  in 
concave  mirrors,  528  ;  in  convex  mir- 
rors, 529;  in  plane  mirrors,  513;  of 
multiple,  516;  magnitude  of,  532; 
produced  by  small  apertures,  504 ; 
virtual  and  real,  514  ;  inversion  of,  616 

Imbibition,  193  ;  heat  produced  by,  482 

Impenetrability,  7 

Imperial  British  yard,  22 

Imponderable  matter,  6 

Impulsive  forces,  57 

Incandescent  lamps,  838 

Inch,  125 

Incident  ray,  536 

Inclination,  708  ;  compass,  698 

Inclined  plane,  43  ;  motion  on,  50 

Index   of  refraction,   538  ;  measurement 
of,  in  solids,  548  ;  in  liquids,  $49 ;  in  ' 
gases,  550 

Indicator,  473,  886,  888,  889 

Indices,  relioctive,  table  of,  550 

Indium,  578 


JAR 

Induced  currents,  900-91 1 

Induction,  apparatus  founded  on,  911  ; 
balance,  932 ;  by  the  earth,  905  ;  by 
currents,  900 ;  of  a  current  on  itself, 
907 ;  electrical,  744 ;  in  telegraph 
cables,  891  ;  limit  to,  746 ;  Faruiay's 
theory  of,  747  ;  heat  developed  by, 
929 ;  by  magnets,  904 ;  magnetic,  686 ; 
vertical,  71$ 

Inductive  capacity,  specific,  748 

Inductorium,  921 

Inelastic  bodies,  58 

Inertia,  19  ;  applications  of,  20 

Influence,  magnetic,  686 ;  electrical,  744 

Ingenhaus's  experiment,  404 

Injector,  207 

Insects,  sounds  produced  by,  242 

Insolation,  635,  636 

Instruments,  optical,  585 ;  polarising, 
656 ;  mouth,  271  ;  reed,  272 ; 
stringed,  279 ;  wind,  270,  280 

Insulating  bodies,  726  ;  stool,  762 

Insulators,  725 

Intensity  of  the  current,  825  ;  of  the 
electric  light,  837 ;  illumination,  508 ; 
of  reflected  light,  519;  of  a  musical 
tone,  246;  of  radiant  heat,  414;  of 
sound,  causes  which  influence,  226 ; 
of  terrestrial  magnetism,  701  ;  of  ter- 
restrial gravity,  82 

Interference  of  light,  645;  of  sound,  261 

Intermittent  fountain,  212 ;  springs,  214  ; 
syphon,  214 

Interpolar,  825 

Intervals,  musical,  247 

Intrapolar  region,  828 

Inversion  of  images,  616 

lones,  842 

Iris,  612 

Iron,  passive  state  of,  851  ;  electrical 
deix)sition  of,  857 

Iron  ships,  magnetism  of,  715 

Irradiation,  627 

Irregular  reflection,  518 

Isobars,  979 

Isochimenal  line,  1 007 

Isoclinic  lines,  698 

Isodynamic  lines,  701 

Isogeothermic  lines,  1007 

Isogonic  lines,  692 

Isotheral  lines,  1 007 

Isothermal  lines,  1007  ;  zone,  1007 


JABLOCHKOFF  candle,  838 
Jacobi's  unit,  846,  952 
Jar,  Leyden,  770 -780 
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Jar,  luminous,  78$  ;  Harris's  unit,  778 
Jet,  lateral,   143  ;  height  of^   144 ;  form 

of,  148 
Jordan's  barometer,  1 76 
Joule's  experiment  on  heat  and   work, 

497  >  equivalent,  497 
Jupiter,  505 
Jurin's  laws  of  capillarity,  132 


KALEIDOPHONE,  625 
Kaleidoscope,  516 
Kamsin,  977 
Kathelectrotonus,  828 
Kathode,  842 
Katione,  842 
Keepers,  718 

Kerr's  electro-optical  experiments,  937 
Key,  887,  906,  912,  922 ;  note,  249 
Kienmayer's  amalgam,  754 
Kilogramme,  24,  125 
Kilogrammetre,  473 
Kinetic  energy,  62 
Kinnersley's  thermometer,  792 
Kirk's  ice  machine,  494 
Knife-edge,  71 
Konig's    apparatus,    256 ;    manometric 

flames,  288 
Kravogl's  machine,  899 
Kiilp's  method  of  compensation,  719 
Kundt's  velocity  of  sound,  277 


LABYRINTH  of  the  ear,  260 
Lactometer,  129 

Ladd's  dynamo-electrical  machine,  916 

Lamps,  incandescent,  836 

Land  and  water,  loi  I 

Lane's  electrometer,  777 

Lantern,  magic,  604 

Laplace's  barometric  formula,  1 78 

Laryngoscope,  563 

Larynx,  259 

Latent  heat,  341  ;  of  fusion,  461  ;  of 
vapours,  372,  462 

Lateral  jet,  143 

Latitude,  influence  on  the  air,  1005 ; 
parallel  of,  82 

Lavoisier  and  Laplace's  calorimeter,  450  ; 
method  of  determining  linear  expan- 
sion, 314 

Law,  5 

Laws  of  mixture  of  gases  and  liquids,  383 

Lead  tree,  853 

Leclanche's  elements,  813,  814 

Ledger  lines,  252 

Lddenfrost's  phenomenon,  385 


LlQ 

Lemniscate,  667 

Length,  unit  of,  22  ;  of  undulation,  225 

Lens,  axis  of,  551 

Lenses,  551-559 ;  achromatic,  582  ; 
aplanatic,  558 ;  centres  of  curvature, 
551  ;  combination  of,  560  ;  echelon, 
607 ;  foci  in  double  convex,  552 ;  in 
double  concave,  553 ;  formation  of 
images  in  double  convex,  556 ;  in 
double  concave,  557  ;  formulae  relat- 
ing to,  559 ;  lighthouse,  607  ;  optical 
centre,  secondary  axis  of,  555 

Lenz's  law,  901 

Leslie's  cube,  423 ;  experiment,  373 ; 
thermometer,  308 

Level,  water,  109 ;  spirit,  1 10 

Level  surface,  67 

Levelling  staff,  109 

Lever,  40 

Leyden  discharge,  inductive  action  of,  903 

Leyden  jars,  770-780 ;  charged  by 
RuhmkoriTs  coil,  923  ;  potential  of, 
782  ;  work  by,  784 

Lichtenberg*s  figures,  772 

Liebig's  condenser,  377 

Ligament,  suspensory,  612 

Light,  499 ;  diffraction  of,  646 ;  homo- 
geneous, 569,  572  ;  intensity  of,  508  ; 
interference  of,  645  ;  laws  of  reflection 
of,  511  ;  medium,  502  ;  oxyhydrogen, 
606 ;  polarisation  of,  652 ;  relative 
intensities  of,  5 10  ;  sources  of,  634 ; 
theory  of  polarised  light,  661 ;  un- 
dulatory  theory  of,  499,  637  ;  velocity 

of,  505-507 
Lighthouse  lenses,  607 
Lighting,  electric,  838 
Lightning,  999  ;  ascending,  997 ;  effects 

of,  997  ;  conductor,  looi ;  globe,  999 ; 

heat,  997  ;  brush,  997 ;  flashes,  997  ; 

«gMg.  997 
Limit,  magnetic,  720 ;  to  induction,  746 ; 

of  perceptible  sounds,  244 

Line,  aclinic,  698 ;  of  collimation,  595  ; 

isoclinic,  698  ;  agonic,  692 ;  isogonic, 

692 ;  isodynamic,  701  ;  of  sight,  595 

Linear  expansion,  coeflicients  of,  313,  315 

Lippmann's  capillary  electrometer,  840 

Liquefaction    of   gases,    380,    381 ;    of 

vapours,  375 

Liquids,  99  ;  active  and  inactive,  667 ; 

buoyancy  of,  100  ;  compressibility  of, 

97  ;  conductivity  of,  407 ;  calculation 

of  density  of,  107  ;  difliision  of,  140  ; 

diamagnetism  of,  938  ;  expansion  of, 

321  ;  equilibrium  of,  104 ;  maD"'^  '•* 

which  they  are  heated^  40^  \  tqai 
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on  sides  of  vessel,  102  ;  lefraction  of, 
549 ;  rotatory  power  of,  676 ;  sphe- 
roidal form  of,  &4  ;  spheroidal  state  of, 
585  ;  specific  heat  of,  456 ;  volatile 
and  fix^,  349;  tensions  of  vapours  of, 
359  9  ^^  mixed  liquids,  360 

Lassajous's  experiments,  284-2S6 

Lithium,  578 

Litre,  24,  125 

Local  action,  806 ;  attraction,  715  ;  bat- 
tery, 889 ;  currents,  816 

Locatelli's  lamp,  428 

Locomotives,  470,  471 

Lodestone,  680 

Long  sight,  629 

Loops  and  nodes,  269 

Loss  of  electricity,  743  ;  of  weight  in  air, 
correction  for,  402 

Loudness  of  a  musical  tone,  246 

Luminiferous  ether,  499 

Luminous  bodies,  500 ;  effects  of  the 
electric  discharge,  773,  833  ;  of  the 
electric  current,  923  ;  of  Ruhmkorff  *s 
coil,  923  ;  jar,  790 ;  meteors,  993 ; 
pane,  789  ;  pencil,  501  ;  ray,  501  ; 
tube,  789  ;  square,  and  Iwttle,  789 

Luminous  radiation,  432 ;  heat,  434 


MACHINE,  Atwood's,  77 ;  elec- 
trical, 752-760;  Von  Ebner's, 
794 ;  electro-magnetic,  886 

Mackerel-sky,  981 

Magazine,  717 

Magdeburg  hemispheres,  160 

Magic  lantern,  604 

Magnetic  attractions  and  repulsions,  702  ; 
battery,  717;  couple,  690 ;  curves, 
706 ;  declination,  691  ;  dip,  698 ; 
effects  of  the  electrical  discharge,  791  ; 
equator,  698  ;  field,  707,  963  ;  fluids, 
683  ;  induction,  686  ;  influence,  686  ; 
limit,  720 ;  meridian,  691  ;  needle, 
691,  692  ;  oscillations  of,  705  ;  obser- 
vatories, 702  ;  poles,  698  ;  saturation, 
716 ;  storms,  694 

Magnetisation,  710  ;  by  the  action  of  the 
earth,  714 ;  1)y  currents,  882 ;  single 
touch,  711 

Magnetism,  6,  700 ;  determination  of, 
in  absolute  ])ressure,  709 ;  earth's,  701  ; 
of  iron  ships,  715  ;  Ampere's  theory 
of,  879  ;  remanent,  883  ;  theory  of, 
683  ;  terrestrial  distribution  of  free, 
721 

Magneto  and  dynamo-electrical  machines, 
918-920 


MEC 

Magneto-electrical  apmratos,  911  ; 
Gramme's,  917  ;  m«rninf%^  913-916 

Magnetometer,  949 

Magnets,  artificial  and  natural  680; 
broken,  685  ;  action  of  earth  on,  689 ; 
equator  of,  681 ;  floating,  722 ;  hot 
developed  by,  929  ;  meter,  949  ;  north 
and  south  poles  of^  682 ;  portative  force 
of,  719 ;  saturation  of,  716  ;  influence 
of  heat,  720  ;  induction  by,  904 ;  in- 
ductive action  on  moving  bodies,  905 ; 
action  on  currents,  867  ;  on  solenoiu, 
877 ;  rotation  of  induced  currents  by, 
928 ;  optical  effects  o(  935 ;  total  actioD 
of  two,  708 

Magnification,  linear  and  superficial,  88 ; 
measure  of,  589 ;  of  a  telesc<^>e,  55, 64 

Magnifying  power,  594 

Magnitude,  9 ;  apparent,  of  an  object, 
558 ;  of  images  m  mirrors,  587 

Major  chonl,  247  ;  triads,  248 

Malleability,  859 

Mance*s  heliograph,  523 

Manganese,  magnetic  limit  of,  720 

Manhole,  466 

Manipulator,  888 

Manometer,  97,  183  ;  open-air,  183 ; 
with  compressed  air,  184  ;  Regnault's 
barometric,  186 

Manometric  flames,  288 

Mares*  tails,  981 

Marie-Davy  battery,  812 

Marine  galvanometer,  822 

Mariner's  card,  975  ;  compass,  697 

Mariotte  and  Boyle's  law,  180 

Mariotte's  tube,  180 

Marloye's  harp,  281 

Maskelyne's  experiment,  67 

Mason's  hygrometer,  398 

Mass,  measure  of,  23  ;  unit  of,  23 

Matter,  2 

Matteucci's  experiment,  903 

Matthiessen's  thermometer,  308  ;  table  of 
electromotive  forces,  940 ;  electrical 
conductivity,  958 

Maximum  current,  conditions  of,  826 

Maximum  and  minimum  thermometers 
310  ;  of  tension,  755 

Mayer's  floating  magnets,  722 

Mean  temperature,  1004 

Measure  of  force,  29  ;  of  work,  60 

Measure  of  magnification,  589,  594 ;  of 
mass,  23  ;  of  space,  22  ;  of  time,  21 ; 
of  velocity,  25 

Measurement  of  small  angles  by  reflec* 
tion,  522 
^  Mechamcal    equivalent    of   heat,   497; 
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effects    of  electrical  discharge,   792; 

battery,  839 
Melloni*s   researches,   429 ;   thermomul- 

tiplier,  412,  946 
Melting  point,  influence  of  pressure  on, 

339 
Membranes,  vibrations  of,  283 

Memoria  technica,  820 

Meniscus,  132  ;  convex,  131 ;  in  baro- 
meter, 169  ;  Sagitta  of,  169 

Menotti's  batter)*,  812 

Mercury,  frozen,  373,  381,  384  ;  pendu- 
lum, 320;  coefficient  of  expansion, 
323  ;  expansion  of,  322  ;  pump,  208 

Meridian,  21  ;  geographical  and  mag- 
netic, 691 

Metacentre,  1 15 

Metal,  Rose's  and  Wood's  fusible,  340 

Metals,  conductivity  of,  955 

Meteoric  stones,  480 

Meteors,  aerial,  964 

Meteorograph,  974 

Meteorolog)',  973 

Metre,  22,  125 

Mica,  664 

Microfarad,  964 

Micrometre  Unes,  594  ;  screw,  1 1 

Microphone,  931 

Microscope,  12  ;  achromatism  of,  592  ; 
Duboscq's,  606 ;  compound,  591  ;  field 
of,  591  ;  focussing,  587  ;  magnifying 
powers  of,  594  ;  photo-electric,  606  ; 
simple,  586 ;  solar,  605 

Microspectroscope,  580 

Mill,  Barker's,  194 

Milliamp^re,  964 

Millimetre,  125 

Mineral  waters,  looo 

Mines,  firing  by  electricity,  7951  829 

Minimum  thermometer,  310 ;  deviation, 

547 
Minor  chord,  247 

Minotto's  battery,  812 

Minute,  21 

Mirage,  541 

Mirrors,  512  ;  applications  of,  534;  burn- 
ing, 420;  concave,  419,  528;  conju- 
gate, 420 ;  convex,  526-529  ;  gla^, 
515 ;  parabolic,  535  ;  rotating,  520, 
795  ;  spherical,  524 

Mists,  980 

Mixture  of  gases,  188;  of  gases  and 
liquids,  189  ;  laws  of,  383 

Mixtures,  freezing,  347  ;  method  of,  452 

Mobile  equilibrium,  415 

Mobility,  7,  18 

Modulus  of  elasticity,  88 


NIA 

Moisture  of  the  atmosphere,  400 
Molecular  forces,    3 ;    attraction,    83 ; 

state  of  bodies,  4 ;  velocity,  294 
Molecular  state,  relation  of  absorption  to, 

443 
Molecules,  3 

Moments  of  forces,  38 

Momentum,  28 

Montgol  fields  balloon,  196 

Monochord,  266 

Monochromatic  light,  569 

Monosyllabic  echo,  237 

Montgolfier*s  ram,  150 

Moon,  510 

Morgagni's  humour,  610 

Morin's  apparatus,  78 

Morren's  mercury  pump,  208 

Morse's  telegraph,  889 

Moser's  images,  193 

Motion,  18;  on  an  inclined  plane,  50; 
curvilinear,  25  ;  in  a  circle,  53,  54 ; 
rectilinear,  25 ;  resistance  to,  in  a 
fluid,  48 ;  uniformly  accelerated  rec- 
tilinear, 48 ;  quantity  of,  29 ;  of  a 
pendulum,  55;  of  projectile,  51 

Mouth  instrument,  271 

Multiple  battery,  826 

Multiple  echoes,  237  ;  images  formed  by 
mirrors,  515,  516,  517 

Multiplier,  821 

Muscular  currents,  966,  967,  968 

Music,  220;  physical  theory  of,  246^ 
264 

Musical     lK>xes,     279 ;     comma,     248 
intervals,  247;    scale,  248;  temperp- 
ment,  250 ;  tones,  properties  of,  246 , 
intensity,    notation,   252 ;   pitch    and 
timbre,  246 ;  sound,  223 ;  range,  252 

Myopy,  619,  629 


NAIRNE'S  electrical  machine,  757 
Nascent  state,  85 
Natterer's  apparatus,  381 
Natural  magnets,  680 
Naumann's  law,  458 
Needle,  declination   of,   691  ;    dipping, 

698  ;  astatic,  700 ;  magnetic,  691 
Negative  plate,  801 
Negatives  on  glass,  609 
Nerve-currents,  970 
Neutral    line,     744;    equilibrium,    701 

point,  744  ;  temperature,  940 
Newtonian  telescope,  600 
Newton's  disc,  567  ;  law  of  cooling,  416  ; 

rings,  650,  651 ;  theory  of  light,  5^ 
Niaudet's  element,  812 
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Nicholson's  hydrometer,  120 

Nickel,   electrical    deposition    of,   857 ; 

magnetic  limit  of,  720 
Nicol's  prism,  660 
Nimbus,  981 
Nobili's  battery,  943 ;  rin^,  852  ;  ther- 

momultipliers,    945 ;    Uiermo-electric 

pile,  428,  431,  943 
Nocturnal  radiation,  495 
Nodal  points,  271,  645 
Nodes  and  loops,  269  ;  of  an  organ  pipe, 

274  ;  explanation  of,  276 
Noises,  221 
Nonconductors,  725 
Norrembe^*s  apparatus,  657 
Northern  light,  1003 
Norwegian  stove,  410 
Notation,  musical,  252 
Notes  in  music,  247  ;  musical,  of  women 

and  boys,  259 ;  wave-length  of,  253 
Nut  of  a  screw,  45 


OBJECT  glass,  590 
Objective,  590 

Obscure  radiation,  432 ;  rays,  433 ; 
transmutation  of,  433 

Observatories,  magnetic,  702 

Occlusion  of  gases,  194 

Octave,  249 

Oersted's  experiment,  820 

Ohms,  987 

Ohm's  law,  825 

Opaque  1x)dies,  500 

Opera-glasses,  597 

Ophthdmoscope,  633 

Optic  axis,  617 ;  axis  of  biaxial  crystals, 
644;  angle,  607;  nerve,  612 

Optical  centre,  555 ;  effects  of  magnets, 
926 ;  instruments,  585  ;  eleclrical  ex- 
periments, 937 

Optics,  499 

Optometer,  619 

Organ  pipes,  274 ;  nodes  and  loops  of,  274 

Orrery,  electrical,  764 

Oscillations,  55 ;  axis  of,  79 ;  method  of, 

705 
Otto's  gas  engine,  476 

Otto  von  Guericke's  air-pump,  200 

Outcrop,  III 

Overshot  wheels,  150 

Oxyhydrogcn  light,  606 

Ozone,  793,  999 


p 


ACINOTTI'S  ring,  917 
Pallet,  Si 


PIS 

Pane,  fulminating,  769 ;  luminous,  790 

Papin's  digester,  371 

Parabolic  mirrors,  535  ;  curve,  60,  143 

Parachute,  198 

Paradox,  hydrostatic,  103 

Parallel  of  latitude,  82 ;  forces,  36 ; 
centre  of,  27 

Parallel  rays,  501 

Parallelogram  of  forces,  33 

Paramagnetic  bodies,  930 

Partial  current,  961 

Pascal's  law  of  eqoality  of  pressure:;,  98 ; 
experiments,  162 

Passage  tint,  677 

Passive  state  of  iron,  851 

Pedal,  279 

Peltier's  cross,  950 ;  effect,  950 

Pendulum,  55  ;  application  to  clocks, 
81 ;  ballistic,  81 ;  compensation,  320; 
electrical,  724;  gridiron,  320;  mer- 
curial, 320  ;  length  of  compound,  79 ; 
reversible,  79;  verification  of  laws  of, 
80 

Penumbra,  503 

Percussion,  hieat  due  to,  479 

Periscopic  glasses,  629 

Permanent  gases,  380 

Persistence  of  impression  on  the  retina, 
625 

Perspective,  aerial,  618 

Perturbations,  magnetic,  692,  693 

Phenakistoscope,  625 

Phenomenon,  5 

Phial  of  four  elements,  106 

Phonautograph,  287 

Phonograph,  Edison's,  291 

Phosphorescence,  635,  636 

Phosphorogenic  rays,  573 

Phosphoroscope,  636 

Photo-electric  microscope,  606 

Photogenic  apparatus,  606 

Photographs  on  paper,  609 ;  on  albu- 
menised  paper  and  glass,  611 

Photography,  608-611 

Photometers,  509,  511 

Photophone,  936 

Physical  phenomena,  5  ;  agents,  6; 
properties  of  gases,  152  ;  shadows,  503 

Physics,  object  of,  I 

Physiological  effects  of  the  electric  dis- 
charge, 785  ;  of  the  current,  827  ;  of 
Ruhmkor£Ps  coil,  923 

Piezometer,  97 

Pigment  colours,  570 

Pile,  voltaic,  804-818 

Pipes,  organ,  274 

Pisa,  tower  of,  69 
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Pistol,  electric,  793 

Piston  of  air-pump,  200 ;  rod,  467 

Pitch,  concert,  251  ;  of  a  note,  246  ; 
a  screw,  4$ 

Plane,  45 ;  electrical  inclined,  764 ; 
mirrors,  513;  wave,  642 

Planters  secondary  battery,  849 

Plants,  absorption  in,  193 

Plate  electrical  machine,  753 

Plates,  colours  of  thin,  650 ;  vibrations 
of,  282 

Plumb  line,  67 

Pluviometer,  983 

Pneumatic  syringe,  154,  479 

PoggendorfFs  law,  793 

Point,  boiling,  366,  367 

Points,  action  of,  742 ;  nodal,  271,  645 

PoisseuilIe*s  apparatus,  147 

Polar  aurora,  1003 

Polarisation,  848 ;  angle  of,  654 ;  cur- 
rent, 848 ;  of  electrodes,  806 ;  by 
double  refraction,  652 ;  by  reflection, 

653  ;  ^y  single  refraction,  655 ;  ellip- 
tical and  circular,  669,  670,  672  ;  of 
heat,  679 ;  galvanic,  806,  848  ;  light, 
652  ;  of  the  medium,   747  ;  plane  of, 

654  ;  plate,  804  ;  rotatory,  674 
Polarised  light,  theory  of,  661  ;  colours 

produced  by  the  interference  of,  662, 
668 ;  rays,  662 

Polariser,  656 

Polarising  instruments,  656 

Polarity,  806 ;  boreal,  austral,  689 

Pole,  glacial,  997 

Poles,  803 ;  analogous  and  antilogous, 
842  ;  electric,  732  ;  of  the  earth,  698  ; 
magnetic,  698  ;  of  a  magnet,  681 ; 
mutual  action  of,  682 ;  precise  defini- 
tion of^  684 ;  austral  and  boreal,  689 

Polygon  of  forces,  35 

Polyprism,  544 

Ponderable  matter,  6 

Pores,  13 

Porosity,  7,  13 ;  application  of,  15 

Portative  force,  719 

Positive  plate,  801  ;  crystals,  643 

Positives  on  glass,  610 

Postal  battery,  889 

Potential  energy,  62  ;  of  electricity,  738  ; 
of  a  Leyden  jar,  782  ;  of  a  sphere,  741 

Pound,  125  ;  avoirdupois,  23,  29 ;  foot, 

59 
Powders,  radiation  from,  443 

Power  of  a  lever,  40 ;  of  a  microscope, 

594;  of  points,  742 

Presbytism,  619,  629 

Press,  hydraulic,  108 


RAD 

Pressure,  centre  of,  102  ;  on  a  body  in  a 
liquid,  112;  atmospheric,  158  ;  amount 
of,  on  human  body,  163  ;  experiment 
illustrating,  2io ;  influence  on  melting 
point,  339 ;  heat  produced  by,  479  ; 
electricity  produced  by,  731 

Pressures,  equality  of,  98 ;  vertical  down- 
ward, 99 ;  vertical  upward,  100 ;  in- 
dependent of  form  of  vessel,  loi  ;  on 
the  sides  of  vessels,  102 

Prevost*s  theory,  415 

Primary  coil,  »93 

Primitive  current,  961 

Principal  current,  961 

Principle  of  Archimedes,  113 

Prisms,  543-547 ;  double  re£nu:ting,  659  ; 
NicoPs,  660 ;  with  variable  angle,  544 

Problems  on  expansion  of  gases,  332 ; 
on  mixtures  of  gases  and  vapours,  304 ; 
on  hygrometry,  401 

Projectile,  motion  of,  51 

Proof  plane,  735 

Propagation  of  light,  502 

Protoplasm,  827 

Protuberances,  579 

Pulley,  41,' 

Pump,  air,  200  ;  condensing,  209  ;  filter, 
206 

Pumps,  different  kinds  of,  215;  suction, 
216  ;  suction  and  force,  217 

Punctum  caecum,  612 

Pupil,  612 

Psychrometer,  398,  974 

Pyroelectricity,  732 

Pyroheliometer,  480 

Pyrometers,  311;  electric,  949 


QUADRANTAL  deviation.  715 
Quadrant  electrometer,  756 

RADIANT  heat,  411  ;  detection  and 
measurement  of,  412 ;  causes 
which  modify  the  intensity  of,  414 ; 
Melloni's  researches  on,  428 ;  relation 
of  gases  and  vapours  to,  438 ;  relation 
to  sound,  446a 

Rsdiated  heat,  403,  411 

Radiating  power,  425  ;  identity  of  ab- 
sorbing and  radiating,  426 ;  causes 
which  modify,  &c.,  427  ;  of  gases,  441 

Kadiation,  cold  produced  by,  495  ;  from 
powders,  443  ;  of  gases,  luminous,  and 
obscure,  432  ;  laws  of,  413 ;  solar, 
480 

Radiative  power,  985 
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Kadiometer,  445 

Railway,  electrical,  917 

Rain,  983 ;  cloads,  983 ;  bow,  1002 ;  fidl, 
974,  983  ;  gaiigc,  983  ;  drop,  velocity 
of,  48 

Ram,  hydraulic,  150 

Ramsden's  electrical  machine,  753 

Rarefaction  in  air-pump,  200 ;  by  Spren> 
gePs  pump,  205 

Ray,  incident,  536;  luminous,  501  ; 
ordinary  and  extraordinary,  641 

Rays,  actinic,  or  Ritteric,  433 ;  diver- 
gent and  convergent,  501 ;  frigorific, 
422;  of  heat,  411,  429;  Herschellian, 
430 ;  invisible,  429 ;  obscure,  433 ; 
path  of,  in  eye,  615;  phosphoroeenic, 
573  »  polarised,  662  ;  transmutation  of 
thermal,  434 

Reaction  and  action,  39 

Real  volume,  14  ;  foci,  552  ;  focus,  525  ; 
image,  528,  556 

Reaumur  scale,  303 

Receiver  of  air-pump,  200 

Recomposition  of  white  lig;ht,  567 

Reed  instruments,  272 

Reeds,  free  and  beating,  272 

Reflected  light,  intensity  of,  519 

Reflecting  power,  423 ;  goniometer, 
534  ;  sextant,  521 ;  stereoscope,  623  ; 
telescope,  598 

Reflection,  apparent,  of  cold,  422  ;  of 
heat,  418  ;  from  concave  mirrors,  419  ; 
irregular,  518;  laws  of,  417;  verifi- 
cation of  laws  of,  420 ;  in  a  vacuum, 
421;  of  light,  511-541  ;  of  sound, 
236 

Refracting  crystals,  639,  652,  663 ;  stereo- 
scope, 624  ;  telescope,  598 

Refraction,  536-545  ;  double,  639  ;  po- 
larisation by,  652  ;  explanation  of 
single,  638  ;  of  sound,  238 

Refractive  index,  538  ;  determination  of, 
562  ;  of  gases,  550  ;  of  liquids,  549 ; 
of  solids,  548  ;  table  of,  550 ;  indices 
of  media  of  eye,  6 1 3 

Refractory  substances,  338 

Refrangibility  of  light,  alteration  of,  582 

Regelation,  990 

Regnault's  experiments,  229 ;  determi- 
nation of  density  of  gases,  336  ;  mano- 
meter, 186  ;  methods  of  determining 
the  expansion  of  gases,  333  ;  of  specific 
heat,  454 ;  of  tension  of  aqueous  va- 
pour, 356,  358  ;  hygrometer,  397 

Regnicr's  electric  lamp,  838 

Regulator  of  the  electric  light,  835,  836 

Reis*s  telephone,  S%$ 


RUH 

Relay,  S89 

Remanent  m^j^netisoii  883 

Repulsions,   magnetic,    705 ;    electrical 

laws  of,  731 
Re9erv<nr,  common,  726 
Residual  charge,  748,  773 
Residue,  electric,  773 
Resilience,  773 
Resinous  electricity,  727,  72$ 
Resistance  of  a  conductor,  825  ;  of  an 

element,  957 
Resonance,  237 ;  box,  251  ;  globe,  255 
Rest,  18 

Resultant  of  forces,  32-34 
Retina,  612;  persistence  of  impressioD 

on,  625 
Return  shock,  looo 
Reversible  pendulum,  79 
Reversion,  method  oC  696 ;  spectroscope, 

577 
Rheometer,  821 

Rheoscope,  821 

Rheoscopic  frog,  968 

Rheostat,  951 

Rhomb,  Fresriers,  671 

Rhumbs,  697,  975 

Right  ascension,  600 

Rime,  987 

Ring  inductor,  919 

Rings,  coloured,  666 ;  Gravesand's,  295 ; 

in  biaxial  cr}-stals,  667 ;  Newton's,  650, 

651  ;  Nobili's,  852 
Ritchie's  experiment,  426 
Ritteric  rays,  433 
Robinson^s  anemometer,  974 
Rock    salt,   heat    transmitted    through, 

437 
Rods,  vibrations  of,  281 

Roget's  vibrating  spiral,  859 

Rose's  fusible  metal,  340 

Rotating  mirror,  520,  795 

Rotation,  electrodynamic  and  electro- 
magnetic, of  liquids,  869  ;  winds,  978 

Rotation  of  the  earth,  80 ;  of  magnets 
by  currents,  912  ;  of  currents  by  mag- 
nets, 868 ;  of  induced  currents  \fi 
magnets,  928 

Rotatory  power  of  liquids,  676 ;  polari* 
sation,  673,  674 ;  coloration  produced 

by,  675 

Rousseau's  densimeter,  130 

Roy    and    Ramsden's    measurement  of 

linear  expansion,  361 
Rubbers,  753 
Rubidium,  578 
Ruhlmann's  barometric  and    thermome- 

tric  observations,  179 
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RuhmkoriTs  coil,  921  ;  effects  produced 

by,  923 

Rumford's  photometer,  509 
Rutherford's  thermometers,  310 


SACCHARIMETER,  677 
Saccharometer,  126 
Safety-valve,     108,     371  ;     tube,    379 ; 

whistle,  466 
Sagitta  of  meniscus,  169 
Salimeters,  129 
Salts,  decomposition  of,  843 
Saturation,   degree  of,    392 ;    magnetic, 

716;  of  colours,  570 
Saussure's  hygrometer,  399 
Savart's  toothed  wheel,  241 
Scale  of  hardness,  93 
Scales  in  music,  248  ;  chromatic,  250 ; 

of  a  thermometer,  303  ;  conversion  of, 

into  one  another,  303 
Scattered  heat,  424;  light,  518 
Schehallien  experiment,  67 
Schwendler's  platinum   light  standard, 

838 
Scintillation  of  stars,  541 
Sciopticon,  604 
Sclerotica,  612 
Scott's  phonautograph,  287 
Scraping  sound,  281 
Scratching  sound,  281 
Screw,  II,  45 
Secchi's  meteorograph,  974 
Secondary    axis,    555  ;    batteries,   849 ; 

currents,  806;  coil,  893 
Second  of  time,  21,  25 
Seconds  pendulum,  79 
Secular  magnetic  variations,  692 
Segments,  ventral  and  nodal,  269 
Segner*s  water-wheel,  149 
Selenite,  664 
Selenium,  951 
Self-induction,  905 
Semicircular  deviation,  715 
Semi-conductors,  725 
Semiprism,  526 
Semitones,  249 
Senarmont's  experiment,  406 
Sensitive  membrane,  229 
Serein,  985 

Series,  thermo-electric,  940 
Serum,  12 
Sextant,  521 
Shadows,  503 
Shaft,  467 

Shock,  electiic,  770-785  ;  return,  1000 
Shooting  stars,  480 


SOU 

Short  sight,  629 

Siemens'  armature,  914;  dynamo-elec- 
trical machine,  918 ;  unit,  952 ;  elec- 
trical thermometer,  960 

Sight,  line  of,  595 

Silent  discharge,  793 

Silver,  voltameter,  846 

Simoom,  977 

Sine  compass,  824 

Singing  of  liquids,  363 

Sinuous  currents,  861 

Sirocco,  977 

Size,  estimation  of,  618 

Sky,  969 

Sleet,  988 

Slide  valve,  469 

Smee's  battery,  811 

Snow,  988  ;  line,  991 

Soap-bubble,  colours  of,  650 

Solar  microscope,  605  ;  light,  thermal 
analysis  of,  430 ;  radiation,  480 ; 
spectrum,  $64  ;  properties  of  the,  573  ; 
dark  lines  of,  574,  579  ;  time,  21  ; 
day,  21 

Soleil's  saccharimeter,  677 

Solenoids,  874-878 ;  action  of  currents 
on,  875  ;  of  magnets  and  of  earth  on, 
S76,  877  ;  on  solenoids,  878 

Solidification,  343 ;  change  of  volume 
on.  343»  346  ;  retardation  of,  345 

Solidity,  4,  7 

Solids,  conductivity  of,  404  ;  index  of 
refraction  in,  548 ;  diamagnetism  of, 
938 ;  linear  and  cubical  expansion  of, 

314,  319 
Solids,  formulae  of  expansion,  318 

Solution,  342 

Sondhauss's  experiments,  238 

Sonometer,  266,  932 

Sonorous  body,  222 

Sound,  221  ;  cause  of,  223  ;  not  propa- 
gated in  vacuo,  222 ;  propagated  in  all 
elastic  bodies,  224  ;  propagation  of,  in 
air,  225 ;  causes  which  influence  inten- 
sity of,  226 ;  apparatus  to  strengthen, 
227 ;  interference  of,  261 ;  velocity  of,  in 
air,  230  ;  in  gases,  231^232 ;  in  liquids, 
234 ;  solids,  235  ;  reflection  of,  236 ; 
refraction  of,  237  ;  relation  of  radiant 
heat  to,  446a ;  transmission  of,  228 ; 
waves,  229 

Sound,  Helmholtz's  analysis  of,  255 

Sound,  Konig's  apparatus,  255 ;  Kundt's, 

277 
Sounder,  896 

Sounds,  intensity  of,  289 ;  limit  of  per- 
ceptible, 344 ;  synthesis  of,  2S7 ;  P^'* 


I 


ICX)2 


Index, 
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ceptions  of,  260 ;  produced  by  currents, 
865 

Space,  measure  of,  22 

Spar,  Iceland,  659 

Spark  and  brush  discharge,  787 ;  elec- 
trical, 762,  787  ;  duration  and  velocity 

of,  795 

Speaking  trumpet,  239 ;  tubes,  228 

Specific  gravity,  24,  119,  124;  bottle, 
hydrometer,  120,  121;  of  solids,  120; 
of  gases,  335  ;  of  liquids,  123  ;  tables 
of,  124,  125 

SpeciBc  heat,  448-460;  compound  bo- 
dies, 564 ;  determination  of,  by  fusion 
of  ice,  450;  by  method  of  mixtures, 
452 ;  by  Regnault's  apparatus,  454 ; 
of  solids  and  liquids,  456,  457 ;  of 
gases,  460 

Specific  inductive  capacity,  748 

Spectacles,  630 

Spectra,  648 

Spectral  analysis,  575  ;  colours  and  pig- 
ment, 571 

Spectroscope,  576  ;  direct  vision,  577  ; 
experiments  with,  578 ;  uses  of  the, 
580 

Spectrum,  calorific,  573  ;  chemical,  573 

Spectrum,  430;  colours  of,  566;  pure, 
565  ;  solar,  564,  577 

Spectrum,  dark  lines  of,  574 

Spectrum,  diffraction,  648 

Spectrum,  luminous  properties  of,  573 

Spectrum  of  aurora  borealis,  1003  ;  pro- 
perties of,  573 

Specular  reflection,  518 

Spherical  aberration,  533,  558  ;  mirrors, 
524  ;  focus  of,  525  ;  formulae  for,  530, 

531 
Spheroidal  form  of  liquids,   84  ;    state, 

38s 

Spherometer,  11 

Spiral,  882  ;  Roget's  vibrating,  859 

Spirit-level,  no 

SprengePs  air-pump,  205 

Springs,  loio ;  intermittent,  214 

Stable  equilibrium,  70 

Stars,  declination  of,  600 ;  spectral  analysis 

of,  582 
Staubbach,  76 
Steam-engines,  465  ;  boiler,  466  ;  double 

action,    or  Watt's,    467 ;    pipe,    207 ; 

various  kinds  of,  472  j  work  of,  473  ; 

heating  by,  490 
Steeling,  857 
Stereoscopes,  622-624 
Stereometer,  185 
Stethoscope,  240 


Stills,  376 

Stool,  insulating,  762 

Stopcock,  doubly  exhausting,  202  ;  Gay- 

Lussac's,  382 
Storms,  magnetic,  694 
Stoves,  489 ;  Norwegian,  410 
Stratification  of  electric  light,  924 
Stratus,  981 

Stringed  instruments,  279 
Strings,  265 ;  transverse  vibration  o^  265 
Subdominant  chords,  248 
Suction  pump,   216 ;  and  force  pump, 

217;    load    which    piston     supports, 

218 
Sulphate  of  mercury  battery,  812 
Sun,  510  ;  analysis  of,  579  ;  constitution 

of,  579 
Sun-spots,  701 

Sur£au:e  level,  67 ;  tension,  137 ; 
coloured,  581 

Suspension,  axis  of,  71  ;  Cardan^  160 

Suspensory  ligament,  612 

Swan  lamps,  838 

Swimming,  118;  bladder  of  fishes,  117 

Switch,  932 

Symmer's  theory  of  electricity,  728 

Synthesis  of  sounds,  257 

Syphon,  213 ;  barometer,  167  ;  inter- 
mittent, 214;  recorder,  892 

Syren,  242 

Syringe,  pneumatic,  154,  479 


TAMTAM  metal,  94 
Tangent  compass,  or  galvanometer, 
823,  847 

Tasimeter,  933 

Telegraph,  cables,  Cowper's  writing, 
890 ;  induction  in,  891  ;  electric,  88d- 
890 ;  electrochemical,  892 ;  dial, 
888  ;  Morse's,  889 

Telegraphy,  duplex,  893 

Telephone,  885,  930 ;  Edison's,  934 ; 
Reis's,  882 ;  toy,  235 

Telescopes,  595-601  ;  astronomical,  595; 
Galilean,  597 ;  Gregorian,  599  ;  Her- 
schelian,  601  ;  Newtonian,  600  ;  re- 
flecting, Rosse's,  601 

Telluric  lines,  573 

Temper,  94 

Temperature,  297,  448  ;  correction  for, 
in  barometer,  170  ;  critical,  370  ;  of  a 
body,  297  ;  determined  by  si)ecihc 
heat,  457 

Temperature,  absolute  zero  of,  496  ;  in- 
fluence of,  on  specific  gravity,  123  ; 
mean,    1004 ;    how    modified,    1005 ; 
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TEM 

distribution  of,  1009 ;  of  lakes,  seas, 
and  springs,  loio 

Temperatures,  different  remarkable,  312  ; 
influence  on  expansion,  318 

Tempering,  90,  94 

Tenacity,  7,  91 

Tension,  117,  736,  922  ;  maximum  of, 
electrical  machine,  755  ;  maximum  of, 
vapours,  353  ;  of  aqueous  vapour  at 
various  temperatures,  355-361  ;  of 
vapours  of  different  liquids,  359  ;  of 
mixed  liquids  in  two  communicating 
vessels,  361 ;  free  surface,  137 

Terquem's  experiment,  735 

Terrestrial  currents,  901  ;  heat,  481  ; 
magnetic  couple,  690 ;  magnetism,  721 ; 
telescope,  596 

Terrestrial  gravitation,  67,  82 

Terrestrial  magnetic  couple,  690 

Tetanus,  827 

Thallium,  578 

Tbaumatrope,  625 

Theodolite,  10 

Theory,  5 ;  of  induction,  747 

Thermal  analysis,  430 ;  unit,  447,  484 ; 
springs,  lOio 

Thermal  effects  of  the  current,  829,  830 

Thermal  rays,  transmutation  of,  434 ; 
unit,  447 

Thermobarometer,  369 

Thermochrose,  436 

Thermo-electric  battery,  412,  944 ; 
couples,  942  ;  currents,  941,  943,  947  j 
pile,  412,  431,  943 ;  series,  940 

Thermo-electricity,  939 

Thermo-element,  940 

Thermometer,  electric,  792 

Thermometers,    298 ;    Becquerel's  elec- 
trical, 948 ;  correction  of  readings,  328 
differential,  308  ;  division  of  tubes  in 
299  ;  filling,  300  ;  graduation  of,  301 
determination  of  fixed  points  of,  302 
scale  of,   303  ;  displacement  of  zero, 
304  ;  limits  to  use  of,    305  ;  alcohol 
306  ;  conditions  of  delicacy  of,   307 
Kinnersle/s,     792 ;    Leslie's,     308 
Matthiessen's,    308;    Breguet's,  309 
maximum  and  minimum,  3 10  ;  Siemens 
electrical,  960  ;  weight,  323  ;  air,  331, 

334 
Thermometry,  297-300 

Thermo-multiplier,  Melloni's,  412,  946 

Thermomotive  wheel,  476 

Thermoscope,  308 

Thomson's  electrometers,  780,  781  ;  gal- 
vanometer, 822 ;  apparatus  for  atmo- 
spheric electricity,  993 


URI 

Thread  of  a  screw,  45 

Thunder,  998 

Timbre,  246 

Time,  measure  of,  21 ;  mean  solar,  21 

Tint,  570  ;  transition,  677 

Tones,  combinational,  263  ;  differential, 

263 
Tonic,  248 
Toothed  wheel,  241 
Torricelli*s  experiment,    161 ;   theorem, 

142  ;  vacuum,  168 
Torsion,  angle  of.  89 ;  balance,  89,  704, 

734  ;  force  of,  89 
Total  reflection,  540 
Tower  of  Pisa,  69 

Tourmaline,  658,  732 ;  pincette,  666 
Tourniquet,  hydraulic,  149 
Traction,  elasticity  of,  88 
Trajectory,  25 

Transformation  of  energy,  64 
Transition  tint,  677 
Translucent  bodies,  500 
Transmission  of  heat,  403  ;  of  light,  499, 

542 ;  by  the  current,  844 
Transmission  of  sound,  228 
Transmitter  of  photophone,  936 
Transparency,  7,  500 
Transparent  media,  542-549 
Transpiration  of  gases,  192 
Triad,  harmonic,  247 
Triangle,  281 
Triangle  of  forces,  35 
Trumpet,  speaking,  ear,  239 
Tubes,  (Teissier's,  205,  925 ;  luminous, 

789  ;  safety,  379  ;  speaking,  228 
Tuning-fork,  251,  281,  290 
Turbines,  150 
Twilight,  518 
Tympanum,  260 
Tyndall's  researches,  431,  446a,  986,  991 


ULTRAGASEOUS  state,  927 
Unannealed  glass,    colours   pro* 
duced  by,  668 
i    Undershot  wheels,  150 

Undulation,  length  of,  225,  637 

Undulatory  theory,  499,  637 

Uniaxial  crystals,  640-643 ;  double 
refraction  in,  642  ;  positive  and  nega- 
tive, 643 

Unit  jar,  Harris's,  778 ;  Tacobi's,  952  ; 
Siemens',  952  ;  thermal,  447 

Unit  of  length,  area  and  volume,  22  ; 
heat,  447  ;  of  work,  61 

Unstable  equilibrium,  70 

Urinometer,  129 
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VAC 

VACUUM,  application  of,  to  con- 
struction of  air-pump,  200 ;  extent 
of,  produced  by  air-pump,  201  ; 
Crookes's,  446 ;  fall  of  bodies  in  a,  76  ; 
formation  of  vapour  in,  352 ;  heat 
radiated  in,  413  ;  reflection  in  a,  421  ; 
Torricellian,  168 

Valency,  change  of,  458 

Valve,  safety,  108,  371  ;  chest,  466 

Vane,  electrical,  764 

Vaporisation,  350  ;  latent  heat  of,  372, 
462 

Vapour,  aqueous,  tension  of,  at  various 
temperatures,  357-361  ;  formation  of, 
in  closed  tube,  370  ;  latent  heat  of,  372 

Vapours,  349 ;  absorption  of  heat  by, 
435  ;  absorptive  powers  of,  440 ; 
density  of,  Gay-Lussac's  method,  386 ; 
Hofmann's,  387  ;  densities  of,  389 ; 
determination  of  latent  heat  of,  372, 
462  ;  Dumas's  method,  388 ;  elastic 
force  of,  351  ;  formation  of,  in  vacuo, 
352 ;  saturated,  353  ;  unsaturated, 
354  ;  tension  of  different  liquids,  359 ; 
of  mixed  liquids,  360;  in  communicat- 
ing vessels,  361 

Variations,  annual,  693 ;  accidental, 
694;  barometric,  171;  causes  of, 
172  ;  diurnal,  693  ;  relation  of,  to 
weather,  173  ;  in  magnetic  declination, 
691,  695 

Varley  unit,  952 

V'elocity,  25  ;  direction  of,  56  ;  of  efflux, 
142  ;  of  electricity,  795  ;  of  light, 
505-507 ;  graphic  representation  of 
changes  of,  56 ;  KuntU's  method,  277  ; 
molecular,  294 ;  of  sound  in  air,  230  ; 
gases,  231,  232  ;  formula  for  calculat- 
ing, 232  ;  of  winds,  975 

Velocities,  composition  of,  52  ;  examples 
of,  25 

Vena  contracta,  145 

Ventral  and  nodal  segment,  269,  274 

Vernier,  10 

Vertical  line,  67 

Vestibule  of  the  ear,  260 

Vibrating  spiral,  Roget's,  859 

Vibration,  222  ;  arc  of,  55  ;  produced  by 
currents,  884  ;  of  tuning-forks,  290 

Vibrations,  262 ;  formula?,  275  ;  of 
membranes,  283  ;  laws  of,  267  ;  mea- 
surement of  number  of,  241  ;  number 
of,  producing  each  note,  251  ;  of  mu- 
sical pipe,  275  ;  of  rods,  281  ;  of 
plates,  282 ;  of  strings,  265,  267,  270 

Victoria  Regia,  485 

View ,  field  of,  593 


WHE 

Vircnreicis,  129 

Viriisil    and   real  images,    514 ;   fociis» 
525  ;  velocity,  46 

Viscosity,  96 ;  of  gases,  446 

Vision,  distance  of  distinct,  619  ;  bino- 
cular, 621 

Visual  angle,  617 

Vis  viva,  59,  448,  477 

Vital  fluid,  797 

Vitreous  body,  612;  electricity,  727; 
fusion,  338 ;  humour,  612 

Vocal  chords,  259 

Volatile  liquids,  349 

Volta's  condensing  electroscope,  779; 
electrophorus,  752;  fiindamental  ex- 
periment, 798 

Voltaic  arc,  833  ;  couple,  801  ;  currents^ 
819  ;  induction,  900  ;  pile  and  battery, 
804,  805,  815,  832 

Voltameter,  silver,  846 ;  Faraday's,  846 

Volmne,  22 ;  unit  of,  22,  24  ;  determi- 
nation of,  114;  change  of,  on  solidi- 
fication, 346  ;  of  a  liquid  and  that  of 
its  vapour,  relation  between,  390 

Volumometer,  185 

Von  Ebner's  electrical  machine,  794 

Voss's  electrical  machine,  759 


WALKER'S  battery,  811,  886 
Water  bellows,  207  ;  decompo- 
sition of,  123  ;  hammer,  76  ;  hot,  heat- 
ing by,  492  ;  level,  109 

Water,  maximum  density  of,  330 ;  spouts, 
984  ;  wheels,  150 

Watt's  engine,  467 

Wave,  condensed,  225  ;  expanded,  225  ; 
lengths,  637,  649  ;  plane,  642 ;  of  a 
note,  253 

Weather,  its  influence  on  barometric  va- 
riations, 171,  172;  glasses,  174;  charts, 
979;  forecasts,  979 

Wedge,  44 

Wedgewood's  pyrometer,  311 

Weighing,  method  of  double,  75 

Weight,  23,  82  ;  relative,  43 ;  of  bodies 
weighed  in  air,  correction  for  loss 
of,  402;  of  gases,  155;  thermometer, 

324 
Weights  and  measures,  125 

Wells,  artesian,  ill 

Wells's  theory  of  dew,  987 

Werdermann's  electric  lamp,  838 

Wet-bulb  hygrometer,  398 

Wheatstone's  bridge,  955  ;  photometer, 
509;  rheostat,  951  ;  rotating  mirror, 
795  ;  and  Cooke's  telegraph,  887 
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Wheel  and  axle,  42 

Wheel  barometer,  174;  thennomotive, 
476 

Wheels,  friction,  77;  escapement,  81; 
water,  150 

Whirl,  electrical,  764 

Whispering  galleries,  237 

Whistle,  sajfety,  466 

White  light,  decomposition  of,  564 ;  re- 
composition  of,  567 

White's  pulley,  41 

Wiedemann  and  Franz's  tables  of  con- 
ductivity, 404 

Wiedemann's  determination  of  electro- 
motive force,  959 

Wild's  magneto-electrical  machine,  915 

Winckler's  cushions,  753 

Wind  chest,  272 ;  instruments,  270,  280 

Windhaussen's  ice  machine,  494 

Winds,  causes  of,  976;  direction  and 
velocity  of,  974,  975,  1005  ;  law  of  ro- 
tation of,  978  ;  periodical,  r^;ular,  and 
variable,  977 

Wines,  alcoholic  value  of,  378 

Wire  telegraph,  886 


ZON 

Wollaston's  battery,  805  ;  camera  lucida, 
603 ;  cryophorus,  373  ;  doublet,  $86 

Wood,  conductivity  of,  404 

Wood's  fusible  metal,  340 

Work,  34,  59 ;  measure  of,  60 ;  of  an 
engine,  472 ;  rate  of,  473 ;  unit  of,  61 ; 
internal  and  external,  of  bodies,  295 ; 
of  a  voltaic  battery,  832 ;  required  for 
the  production  of  electricity,  761 

Writing  tel^japhs,  889,  890 


YARD,  British,  22,  125 
Yellow  spot,  612 
Young  and  Fresnel's  experiment,  645 


ZAMBONI'S  pUe,  817 
Zero,  absolute,  496 ;  aqueous  va- 
pours below,  355  ;  displacement  of,  304 
Zigzag  lightning,  985 
Zinc,  amalgamated,  816  ;  carbon  battery, 

810 
Zoetrope,  625 
Zone,  isothermal,   1007 
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This  work  had  its  origin  in  an 
attempt  to  comply  with  a  suggestion 
which  has  frequently  been  made  to  the 
Editor,  that  he  should  prepare  an  abridged 
edition  of  his  translation  of  Ganot*s 
EUments  de  Physique^  which  could  be 
used  for  purposes  of  more  elementary 
instruction  than  that  work,  and  in  which 
the  use  of  mathematical  formulae  would 
be  dispensed  with.  But  he  soon  found 
that  to  do  anything  of  .the  kind  which 
would  be  more  than  a  mere  series  of  ex- 
tracts would  be  very  difficult,  and  hence 
he  turned  his  attention  to  another  book 
by  the  same  Author,  which  has  had  a 
very  extensive  circulation  in  France,  his 
Cours  £lSmentaire  de  Physique^  and  this 
he  has  taken  as  the  basis  of  the  present 
book. 

It  is  not  a  mere  translation ;  but  such 
additions  and  alterations  have  been  made 
as  he  thought  fitted  to  render  the  book 
useful  to  the  classes  for  which  it  was  more 
especially  designed — namely,  as  a  text- 
book of  physics  for  the  middle  and  upper 
classes  of  boys*  and  of  girls'  schools,  and 


as  a  familiar  account  of  physical  phe* 
nomena  and  laws  for  the  general  reader. 
In  range  it  may  perhaps  be  fairly  taken 
to  represent  the  amount  of  knowledge 
required  for  the  Matriculation  examina- 
tion of  the  London  University. 

To  facilitate  reference,  the  articles  of 
the  present  work  have  been  numbered, 
and  the  copious  Index  appended  has 
been  drawn  up  in  accordance  with  this 
arrangement. 

In  a  work  intended  to  serve  only  as 
an  elementary  introduction  to  the  study  of 
a  science,  no  great  additions  can  be  made 
without  departing  from  the  plan  on  which 
it  is  based.  Accordingly,  in  the  Third 
Edition  it  has  not  been  thought  advisable 
to  add  more  than  about  25  pages  of  new 
matter,  and  16  additional  iUustrations. 
To  this  must  be  added  an  Appendix  of 
Questions,  systematically  arranged  in  re- 
ference to  the  corresponding  parts  of  the 
book,  and  designed  to  serve  as  a  sort  of 
Self-Examiner  to  those  who  have  not  the 
advantage  of  formal  instruction. 
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GANOT'S    NATURAL  PHILOSOPHY  FOR   GENERAL 
READERS  AND  YOUXG  PERSONS. 


Opinio7ts  of  the  Press. 

*  A  book  equally  well  adapted  for  the  Upper  Classes  of  Schools  and  as  a 
present  for  boys  or  <;irls  who  exhibit  an  interest  in  natural  phenomena. 
Several  pages  of  new  matter  have  been  introduced  into  the  current  edition, 
amongst  which  \ve  noticed  the  Telephone,  which  is  clearly  explained  by  the 
aid  of  illustrations.'  ENGLISH  MECHANIC 

*  We  cannot  refrain  from  testifying  to  the  soundness  of  its  paj^es.  The 
woodaits  are  admirably  drawn  ;  the  type  is  clear  and  distinct ;  the  manner 
in  which  the  Author  conveys  his  matter  is  so  pleasant  that  we  firmly  believe 
the  book  has  a  better  destiny  than  that  of  school  Use,  We  feel  convinced 
that  it  will  work  its  way  into  all  physical  libraries  as  a  trustworthy  book  of 
reference,  a  reliable  friend  on  the  subjects  of  which  it  treats.' 

Electrical  News. 

*  This  is  a  good  text-book  of  physics  for  the  middle  and  upper  classes 
of  boys'  and  girls*  schools,  embracing  a  familiar  account  of  physical 
phenomena  and  laws  for  the  general  reader.  The  subjects  are  the  properties 
of  matter,  hydrostatics,  pneumatics,  acoustics,  heat,  light,  magnetism,  and 
electricity  ;  and  the  treatment  is  entirely  free  from  mathematical  formula. 
The  engravings  of  the  instruments  and  of  the  experiments  detailed  are 
good  and  suggestive,  and  calculated  to  be  of  assistance  not  only  to  the 
learner  but  to  the  teacher.  NATURE. 

*  Wc  are  glad  to  notice  this  volume,  which  will  prove  useful  to  a  wide 
circle  of  readers  and  teachers,  since  it  represents  the  amount  of  knowledge 
required  for  the  Matriculation  examination  of  the  London  University. 
It  is  divided  into  eight  books,  treating  respectively  of  the  general  properties 
of  matter,  hydrostatics,  gases,  acoustics,  heat,  light,  magnetism,  and 
electricity.  It  is  admirably  illustrated,  and  throughout  most  clearly  written. 
It  ought  to  be  in  the  hands  of  the  higher  classes  of  all  our  public  schools  ; 
and  if  the  principal  facts  it  contains  were  early  demonstrated  by  experiment 
to  those  about  to  become  members  of  the  medical  profession,  we  should 
have  a  far  larger  number  of  accurate  obser\'ers,  and  much  fewer  loose 
theories  than  at  present.*  Lancet. 
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